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In recent years, surface functionalized nano magnetic particles have brought up interest as a 
tool for separation and purification of solutes. The nano-particles provide large specific 
surface area for adsorption of solutes and, furthermore, the magnetic properties of these 
particles can easily allow it be used to separate from the raffinate phase after adsorption using 
a magnetic field. The basic concept is to utilize the physical and specific chemical interactions 
between surface functionalized magnetic particles and target molecules. 
The present study deals with the adsorption of Hg(II) on nano-magnetic particles with surface 
functionalized by different polymeric materials. Adsorption of some other metals e.g Pb(II) 
and Cd(II) were also carried out on certain cases. Solution pH was optimized for the 
adsorption process. Desorption of metal loaded particles were also studied. 
Chemical precipitation method was used for the synthesis of the nano-magnetic particles 
(Fe3O4) with using Fe2+ and Fe3+ salt and ammonium hydroxide under nitrogen atmosphere. 
The functionalization was then carried out with coating pendant amines, polyamine 
(PAMAM) dendrimer and poly(acrylic acid) (PAAc) or polyvinylpyrollidone (PVP) polymer 
on the particle surface. Three different types of pendant amine were used to coat the bare 
particles: aminopropyltriethoxysilane (APTES), ethylenediamine (EDA) and 3,3 thiobis 
diethylenamine (TDA). Based on 1st layer of APTES or TDA coated particles, PAMAM 
coated magnetic particles were prepared using the cascading method with two generations. 
The PAMAM particles using APTES as 1st layer coated particles were called PAMAM-ATP 
particles; while the PAMAM based on TDA as 1st layer coated particles were referred to as 
PAMAM-TDA particles. The coating of PVP on particle surface was done by coating 
thiodiglycolic acid as 1st layer on the bare particles and subsequently cross-linking with 4-
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vinylaniline to make 2nd layer coated particles. They were then co-polymerized with 
vinylpyrollidone monomer to obtain PVP coated particles. PAAc on the surface of magnetic 
particles was synthesized in two different ways: (1) cross-linking using APTES coating as the 
1st layer with PAAc of different molecular weights (2000, 10000 and 130000); (2) co-
polymeric synthesis (PAAcsyn) using the 2nd layer coated particles in PVP synthesis and 
acrylic acid. 
Analytical equipment such as Transmission Electron Microscopy (TEM), Fourier Transform 
Infrared Spectroscopy (FTIR), Elemental Analyzer, Thermogravimetric Analysis (TGA), X-
ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD) Vibrating Sample 
Magnetometer (VSM), and Brunauer-Emmett-Teller (BET) were used to carry out particle 
characterization. TEM results showed that all coated particles were nano-sized and the 
particle size increased with the increase in the size of the functionalized group on the particle 
surface. As a result, the magnetic field was reduced significantly for PAMAM and PAAc 
coated particles (VSM results). XRD indicated that both the bare and all coated magnetic 
particles had spinel structure. The coating of all amine and polymer groups with the surface 
modified nanomagnetic particles was confirmed by TGA and XPS.  
All amine coated particles (pendant and polyamine dendrimer) were used to adsorb Hg(II) 
from aqueous solution. For comparison, bare and PVP coated particles were also used as 
adsorbents for mercury adsorption. PAAc coated particles were used to remove cadmium and 
lead ion from aqueous systems. The experimental results showed that the uptake of Hg(II), 
Pb(II) and Cd(II) from aqueous solution was strongly pH-dependant. At the optimal pH, the 
highest uptake for Hg (II) was about 450mg/g on PAMAM-TDA coated particles and that of 
Pb(II) was 271 mg/g on PAAc coated particles compared to 102 mg Cd(II)/g of PAAc 
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particles. Adsorption equilibrium isotherm for Hg(II) were fitted to Langmuir or Langmuir-
Fruendlich models. It was found that the Hg(II) adsorption on bare particles and PVP-coated 
particles followed Langmuir model, while all amine coated particles fitted well the Langmuir-
Freundlich model. The adsorption isotherms of Pb(II) and Cd(II) also fitted the Langmuir-
Freundlich model. Experiments on adsorption kinetic showed that equilibrium was reached 
within 1-2 hours. Results from desorption experiments revealed that disodium-EDTA was 






























BEs Binding Energies 
BET Brunauer-Emmett-Teller  
Cd(II)  Cadmium II  ion  
EDTA Ethylenedinitrilotetraacetic Acid 
EDA Ethylenediamine 
FTIR Fourier Transform Infrared Spectroscopy 
Hg(II) Mercury II ion  
HSAB        Hard and Soft Acid/Base Theory 
ICP-OES      Inductively coupled plasma-optical emission spectrometer  
PAAc Polyacrylic acid 
PAAccro Polyacrylic acid coated using cross-linking method 
PAAcsyn Polyacrylic acid coated using free-radical method 
PAMAM Polyamine dendrimer 
PAMAM-ATP PAMAM coated using APTES as 1st layer coated particles 
PAMAM-TDA PAMAM coated using TDA as 1st layer coated particles 
Pb(II) Lead II ion  
PVP Polyvinyl Pyrrolidone 
SEM        Scanning Electron Microscope  
TDA 3,3 thiobis diethylenamine 
TDGA Thiodiglycolic acid  
TEM Transmission Electronic Microscopy 
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TGA Thermogravimetric Analysis 
XPS X-ray Photoelectron Spectroscopy 
XRD X-ray diffraction  
VSM Vibrating Sample Magnetometer  
VA Vinyl Aniline 
VP Vinyl pyrrolidone  
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Chapter 1:   Introduction 
1.1  General background on magnetic separation 
The large surface area of the magnetic nanoparticles dramatically changes the magnetic 
properties and shows superparamagnetism phenomena and magnetization. A magnetic fluid is 
a stable colloidal suspension of magnetic nanoparticles dispersed in a carrier liquid 
(Rosensweig, 1984). The properties of the materials strongly depend on the particle size, the 
degree of dispersion of the nanoparticles, and the particle-matrix interaction. The magnetic 
particles without any coating tend to aggregate to form large clusters. It is therefore necessary 
to functionalize the surface of nanoparticles for their application in the fields of separation 
technology. Based on their mesoscopic physical, thermal, and mechanical properties, 
superparamagnetism nanoparticles offer a high potential for several application in different 
areas such as color imaging, detoxification of biological fluids, drug delivery, and heavy 
metal separation from waste-water treatment (Kim et al., 2001; Popplewell et al.,1995). 
Magnetic separation involves magnetic particles, carrier liquids, complexes and target 
molecules. The basic concept is to utilize the physical interactions between magnetic complex 
particles and target molecules and as well as the specific chemical interactions between the 
particles and target molecules. The interaction forces involved in magnetic separation process 
are electrostatic, hydrophobic and specific ligand interactions (Shen et al., 1999). 
Peng et al. (2004) and Safarik et al. (1998) showed that the technology of magnetic separation 
was dealing with the transport of magnetic and susceptible particles in a gradient magnetic 
field. This technology has been developed recently and mostly applied in the field of 
bioseparation. It was a quick, easy, sensitive and reliable technique of separation. The basic 
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procedures include three main steps. The first step is binding the magnetic particles to the 
target molecules via ligand to form a complex. The second step involves using magnetic field 
to separate the support from the bulk solution. The third step is regenerating the magnetic 
particles. 
Recently, with the latest developments in nanotechnology, various types of nano-magnetic 
particles have been also synthesized to solve environmental problems, such as accelerating the 
coagulation of sewage, removing radionuclides, and heavy metals pollution. Obviously, heavy 
metals are problems for water treatment technology. They have severe environmental impacts 
and ever present risks associated with mismanagement. Presence of heavy metals such as 
cadmium, mercury, lead creates severe environmental and public health problems, such as in 
the case of mercury which can cause kidney and liver failure. There are several ways for 
separation of heavy metals from wastewater such as chemical separation, filtration, membrane 
separation, electrochemical treatment, and ion exchange. However, they have their own limits 
such as high cost and low efficiency of removing trace level of heavy metal ions compared to 
adsorption method. Some researchers investigated the adsorbents which could be used for 
water treatment with higher output and lower costs, but there is very little insight revealed 
about the regeneration capabilities for recovering purposes. High regeneration cost would lead 
to an uneconomical recovery of adsorbents, and consequently the resultant wastes would form 
a secondary pollution to the environment. Therefore, it is necessary to explore a new effective 
adsorbent with large surface area, as well as low regeneration cost (Malandrino et al., 2006).   
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1.2  Research objective and significance 
In this study, magnetic nano-particles with pendant amine groups and polymer surface 
functionalized coating such as polyamidoamine (PAMAM), polyvinyl pyrrolidone (PVP), and 
poly acrylic acid (PAAc) were synthesized and used to remove heavy metals from aqueous 
solution. A few types of amines were studied in this work: aminopropyltriethoxysilane 
(APTES), ethylenediamine (EDA), 3,3 thiobis diethylenamine (TDA) to coat the bare 
particles surface by sol-gel method. PAMAM coated particles were then prepared by using 
either APTES or TDA coated particles as 1st layer. PAAc coated particles were synthesized by 
two different methods: cross-linking and free radical polymeric method. Since the pendant 
amine groups and polyamidoamine contain amines which have strong chelating property, they 
can form complex with metal ions. Beside, PAAc coated particles possess carboxylic groups 
which easily react with metal. Moreover the main advantages of these particles are large 
specific surface areas due to its nano-size and the magnetic property of these particles was 
used to harvest them by the use of magnetic field and efficient in various kinds of heavy metal 
removal. The main focus of the study was to determine the maximum adsorption capacity of 
Hg(II), Pb(II) and Cd(II) on the bare and coated magnetic particles and to carry out some 
desorption study in light of reuse of the particles. Furthermore, the study of adsorption 
mechanism and kinetics of adsorption were also proposed. 
1.3  Organization of the thesis 
The present thesis is organized into eight chapters. Chapter 1 gives introduction of magnetic 
separation, the objectives of the thesis and the whole thesis organization. A literature review 
and scope of work are presented in chapter 2. The preparations of bare and coated magnetic 
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particles are organized in Chapter 3 and the characterizations of the nano-magnetic particles 
are described in Chapter 4. Experimental results and discussion for Hg(II), Cd(II) and Pb(II) 
are presented in Chapter 5,6 and 7, respectively. Finally, Chapter 8 summarizes the 





Chapter 2:   Literature review 
2.1  Nano-magnetic particles 
2.1.1  Magnetic Fluid 
Magnetite has the formula Fe3O4 which has black color and main component in iron ore. The 
ferricmagnetic mineral contains FeII and FeIII. It has an inverse spinel structure, a face center 
cubic cell based on 32 O2- ions. The magnetite is regularly non-stoichiometric in which case it 
has a cation deficient FeIII sublattice. In the stoichiometric magnetite FeII /FeIII = 0.5, the 
divalent may also partly or fully replace by other divalent ions (Cornell and Schwertmann, 
2003). 
Magnetic fluids - commonly called ferrofluids - are suspensions of small magnetic particles 
with a mean diameter of about 10nm in appropriate carrier liquids. The particles contain only 
a single magnetic domain and can thus be treated as small thermally agitated permanent 
magnets in the carrier liquid. The special feature of ferrofluids is the combination of normal 
liquid behavior with superparamagnetic properties. This enables the use of magnetic forces 
for the control of properties and flow of the liquids, giving rise to numerous technical 
applications. 
2.1.2  Magnetic properties of iron oxide particles 
Iron oxide particles can be classified into superparamagnetism and ferromagnetism. When 
they are subjected to an external magnetic field, they respond different ways. The magnetic 
properties of these particles can be described by the equation below which depends on the 
magnetic induction B on the magnetic field H. In most materials, the relation between B and 
H is linear: 
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                                                       HB                                                                      [2-1]  
(where µ is the magnetic permeability of the particles. Iron oxide particles exhibit 
paramagnetism if µ>1 and diamagnetism if µ<1. In vacuum, µ=1) (Cornell and Schwertmann, 
2003). 
 Superparamagnetism materials consist of individual domains of elements that have 
ferromagnetic properties in bulk. Their magnetic susceptibility is between that of 
ferromagnetic and paramagnetic materials. The particles below approximately 15nm 
are so small that no permanent magnetization remains after the particles have been 
subject to an external magnetic field. However, they still exhibit very strong 
paramagnetic properties with a very large susceptibility. 
 , ferromagnetism particles generally contain iron, nickel, or cobalt. These materials 
include magnets, and various objects one might find in a patent, such as aneurysm 
clips, parts of pacemakers, shrapnel, etc. These materials have a large positive 
magnetic susceptibility, i.e., when placed in a magnet field, the field strength is much 
stronger inside the material than outside. They can exhibit magnetization without 
being in a magnetic field. The unpaired electron spins of these particles align 
themselves spontaneously. A single atom cannot exhibit ferromagnetism, but once a 
certain number of atoms are bound together in a solid form, ferromagnetic properties 
arise. When the ferromagnetic particles are removed from the magnetic field, they 
exhibit permanent magnetization.  
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2.2  Surface modification  
Surface modification of nanoparticles could be carried out using either inorganic or organic 
(polymeric) materials. The polymeric materials can be classified into either synthetic or 
natural polymeric materials.  
 Surface modification with inorganic molecules: Iron oxide nanoparticles could be 
coated by an outer metallic shell of inorganic materials such as: gold, silica, 
gadolinium, etc. These coating layers not only protect the nanoparticles in solution but 
also help binding the various biological ligands at the nanoparticle surface.  
The gold shell protects the iron core against oxidization, and was explored by 
Carpenter et al. (2001). They were used for drugs delivery due to a good surface for 
subsequent functionalization with chemical or biological agents. The average 
nanoparticle size of the core shell structure was studied by Zhou et al., which was 
about 8 nm, with about 6 nm diameter core and 1-2 nm shell (Zhou et al., 2001). 
 Surface modification with organic molecules: Iron oxide nanoparticles are used as 
the core shell. They are crossed-linking with surface functionalization with targeting 
ligands or polymeric coating. 
These functionalizations include hydroxyl, carbonyl, carboxyl, sulfhydryl, thioether, 
sulfonate, amine, imine, amide, imidazole, and phosphonate and phosphodiester groups. 
Groups such as hydroxyl, carboxyl, sulfhydryl, and sulfonate are neutral when protonated and 
negatively charged when deprotonated. When the pH of the solution exceeds their pKa, these 
groups become mostly available for the attraction of cations. On the other hand, the amine, 
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imine and amide groups are neutral when deprotonated and positively charged when 
protonated. They therefore attract anions if the pH is lowered such that the groups are 
protonated (John et al, 2003).Some of the major binding groups for adsorption are shown in 
the Table 2-1 below. 
Table 2- 1: Functionalization groups for separation 
Binding group Structural Formula pKa 
Hydroxyl group  9.5-13 
Carboxyl  1.7-4.7 
Sulfhydryl (Thiol)  8.3-10.8 
Sulfonate  1.3 
Amine  8-11 
Secondary Amine  13 
Amide  - 
Imine  11.6-12.6 


















2.3  Mechanism of magnetic separation 
A gradient magnetic field plays the role for the transportation of magnetic or magnetically 
susceptible particles in magnetic separation. Generally, magnetic separation could be divided 
into two parts: separation of magnetic materials and separation of non magnetic materials. In 
the first method, magnetic separation of the target molecule could be achieved without further 
modification of magnetic materials. 
The adsorptive separation is achieved by one of three mechanisms: steric, kinetic, or 
equilibrium effect. The steric effect derives from the molecular sieving properties of magnetic 
and molecular sieves. In this case only small and properly shaped molecules can diffuse into 
the adsorbent, whereas other molecules are totally excluded. Kinetic separation is achieved by 
virtue of the differences in diffusion rates of different molecules. A large majority of 
processes operate through the equilibrium adsorption of mixture and hence are called 
equilibrium separation processes (Honda et al., 1999) 
As indicated above, the second type of magnetic separation is applied for many kind of 
separation industries. The principle of this separation process is to use magnetic particles 
coated with some intermediates, such as surfactant, polymer and ligand to adsorb the 
biomolecule, which can be separated by magnetic field gradient. The applications of this type 
mainly deals with enzyme immobilization was explored by Honda et al. (1999), nucleic acid 
detachment by  Levison  et al.(1998), protein adsorption and purification by Obrien et 
al.(1996),  and drug delivery by Rusetski and Ruuge (1990). The whole process of separation 









Figure 2-1: Schematic diagram of the magnetic separation of non magnetic targets. 
2.4  Adsorption and Desorption 
2.4.1  Adsorption definition  
Adsorption is a dynamic equilibrium process which involves the interphase accumulation or 
concentration of substances at a surface or interface. The attraction is often based on 
electrostatic charges. Negative adsorption is the adsorption of positive pieces by negative 
adsorption sites and vice versa for positive adsorption. While the term adsorption implies a 
surface phenomenon, the actual sequestration may take place based on either physical 
phenomena (physical adsorption) or through a variety of chemical binding means 
(chemisorption) such as complexation and chelation of metals. These processes can be 
followed by van der Waals (dispersion) interactions and electrostatic interactions. For van der 
Waals dispersion, the polarizabilities of the sorbate molecule and the atoms on the sorbent 
surface are both important .In electrostatic interactions, for a given sorbate molecule, the 
charges and van der Waals radii of the surface atoms are important. The roles of these 
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Physical adsorption is non specific and the forces attracting the molecules to the solid surface 
are relatively weak. As a result, the energy of activation for physical adsorption is usually no 
more than 1kcal/gmol. Since the forces involved are weak, the amount of physical adsorption 
decreases rapidly as the temperature is raised and is generally very small above the critical 
temperature of the adsorbed component. On the other hand, Chemisorption is specific and 
involves forces much stronger than in physical adsorption. Some examples of chemisorption 
include ion exchange, complexation, coordination, as well as chelation (Adamson, 1990).  
2.4.2  Adsorption equilibrium 
Langmuir Model  
The adsorption process occurs on a surface composed of a fixed number of adsorption sites of 
equal energy, with one molecule adsorbed per adsorption site until monolayer coverage is 
obtained. The Langmuir model can be described by the equation. 






                                                                 [2-2] 
where C is the adsorbate liquid-phase equilibrium concentration, Q is the adsorbate surface 
concentration, Qm is the maximum adsorbate binding capacity and Kd is the apparent 
dissociation constant, which represents the affinity between adsorbate and adsorbent.  
These parameters were evaluated by fitting the Langmuir model to the experimental data, 
employing the iterative fitting method of Levenberg-Marquardt. To establish the validity of 
the assumption that independent interaction sites of equivalent affinity are present on the 
adsorbent surface. The several linear transformations of equation [2-2] can be converted to 
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Q/C vs Q or 1/Q vs 1/C so that all of parameter from Langmuir equation can be found from 
experimental data.  






                                                                             [2-3]   







                             [2-4] 
Freundlich and Langmuir-Freundlich Model  
Since adsorbent surfaces are rarely homogeneous, the number of adsorption sites of equal 
energy is not fixed. The adsorption can take place on many active sites and multi layers 
coverage can be obtained. There are a number of classical isotherm models for heterogeneous 
surfaces with continuous energy distribution. The Freundlich and Langmuir-Freundlich 
models are two examples to describe mechanism of these adsorption models (Andrade et al., 
1985). 
In the Freundlich model the adsorbed mass per mass of adsorbent is a power law function of 
the solute concentration as follows: 
                                   
nQ KC                                                                 [2-5] 
where K and n are the Freundlich equilibrium constant and the Freundlich isotherm power 
term, respectively.  
Compared to Langmuir, the Freundlich equation does not become linear at low concentrations 
but remains convex nor does it show saturation or limiting value. Although usually applied in 
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a strictly empirical sense, this can be of theoretical interest in terms of adsorption onto an 
energetically heterogeneous surface . 
The Langmuir-Freundlich model was analyzed by Sips, who found that the energy 
distribution function corresponds to a symmetrical quasi-Gaussian function (Andrade et al., 
1985). At low concentrations, the model reduces to the Freundlich model and in the case of a 
homogeneous surface; it reduces to the Langmuir model. 
The single-component Langmuir-Freundlich model is  









                                                         [2-6] 
where Kd* is the apparent dissociation constant that includes contributions from ligand 
binding to monomer, monomer-dimer, and more highly associated forms of proteins; QmLF is 
the maximum binding capacity; and n is the Langmuir-Freundlich coefficient.  
Since the Langmuir-Freundlich model has more than two adjustable parameters, it is not 
easily fitted to the experimental data by linear regression or graphical means. In this case, it is 
necessary to apply nonlinear least-squares analysis. 
2.4.3  Desorption study 
Desorption of absorbance from interfaces depends essentially on the conditions under which 
they have been adsorbed. Therefore, suitable desorption agents should be selected to release 
the adsorbate from magnetic particles. The overall performance of the desorption process can 




      [2-7] 
where   is the concentration ratio, Cd is the concentration of metal recovered and Ci is the 
initial concentration of metal in the wastewater. A high   is desired for the desorption 
process as it makes the recovery of metal more feasible with higher eluate concentrations 
(David et al., 1998). 
Another factor concerning desorption of the metal-laden adsorbents is the Solids/Liquid (S/L) 
ratio, where S represents the amount of adsorbent (loaded with metal as high as possible) and 
L is the amount of desorbing liquid. Ideally, just a small amount of desorbing liquid should 
dislodge all the deposited metal; the S/L ratio should be as high as possible. However, for 
batch experiments, operating at high S/L ratio may be physically difficult as the suspension 
might be so dense that it is impossible to achieve good mixing (David et al., 1998). 
2.5  Heavy Metal separation 
Heavy metals pollutions are one of the problems of water treatment technology. They have 
severe environmental impacts and ever present risks associated with mismanagement. 
Presence of heavy metals such as cadmium, mercury, and lead creates severe environmental 
and public health problems, such as in the case of mercury which can cause kidney and liver 
failure. There are several ways for separation of heavy metals from wastewater. Some of them 
were used in industry such as chemical separation, membrane separation, biosorption, and 
adsorption.  
 Chemical precipitation methods: One of these methods is commonly applied in the 
industry is microprecipitation. Microprecipitation of metals results when the solubility 
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of the sorbate reaches its limits. This may happen even due to local conditions, not 
necessarily in the bulk of the solution. These conditions may be created by local 
deviations in physical conditions such as pH or by the presence of materials from the 
adsorbent itself (David et al., 1994). 
 Biosorption separation: Biosorption has been defined as the property of certain 
biomolecules (or types of biomass) to bind and concentrate selected ions or other 
molecules from aqueous solutions. As opposed to a much more complex phenomenon 
of bioaccumulation based on active metabolic transport, biosorption by dead biomass 
(or by some molecules and/or their active groups) is passive and based mainly on the 
‘‘affinity’’ between the (bio-) sorbent and sorbate (Volesky et al., 2003). 
 Membrane filtration separation: The basic concept of this method is a fixation of 
metallic ions on macromolecular pieces, which is performed to increase their 
molecular weight. These compounds, which then become larger than the pore size of 
the selected membrane, can be retained whereas water is then purified. Water-soluble 
polymeric ligands have shown to be powerful substances to remove trace metals from 
aqueous solutions and industrial wastewater through membrane processes (Dorda et 
al., 2003). 
 Adsorption: This method has high efficiency in removing trace level of heavy metal 
ions. Some researchers studied to find the adsorbents which can be used for water and 
wastewater treatment with their higher output and lower costs. 
  Among current adsorbents, activated carbon is used in different industries due to low cost, 
but its adsorption capacity is generally quite low. Even in some literatures, researchers carried 
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out modern study to try to improve its adsorption. Among them, Dias et at. (2007) used an 
activated carbon from conventional waste of agriculture and wood industry to remove Hg(II) 
from aqueous solution and the capacity was found to be 109 (mg/g). In other methods, 
chitosan and their cross linking were studied for adsorption heavy metal. Genc et al. (2002) 
explored in details the performance of Procion Brown MX 5BR immobilized poly 
(hydroxyethylmethacrylate/chitosan) composite membranes which were used to remove 
Cd(II), Pb(II) and Hg(II) from aquatic systems and the maximum adsorption capacities were 
found to be 18.5 mg/g for Cd(II), 22.7 mg/g for Pb(II) and 68.8 mg/g for Hg(II). Li and Bai 
(2005, 2006) explored to enhance adsorption of Pb(II), Hg(II) by using cross linking chitosan. 
The maximum adsorption capacity of Pb(II) is about 290 mg/g, and Hg(II) is about 320 mg/g. 
Iron oxide nanoparticles possess characteristics that make them potential adsorbents. They are 
feasible to produce, characterize, and the functional properties of the particles can be 
specifically tailored for particular applications (Shamim et al., 2005). In addition, these nano-
sized particles have large surface area, which means more reactant sites available for the 
metal to adsorb on. The magnetic property of nano-particles also enables easy separation of 
metal-loaded particles from wastewater by means of an external magnetic field (Mayo et al., 
2006). 
2.6  Scopes of thesis 
The main objectives of this research are to develop a separation method for removal of heavy 
metals from aqueous solution using surface functionalized magnetic particles. Although nano-
sized magnetic particles represent a more interesting focus for the application in bioscience 
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and biotechnology, a few of work has been published on its application on separation of 
heavy metals from wastewater treatment. 
The aims of the thesis consist of the following parts: 
Preparation of stable aqueous-based magnetic fluids and coated with pendant amine 
groups. 
Synthesis of nano-sized magnetic particles was carried out using chemical precipitation 
method by mixing FeCl3 and FeCl2 with ammonia under a nitrogen atmosphere. Then a few 
types of amines were examined in this work: aminopropyltriethoxysilane (APTES), 
ethylenediamine (EDA), 3,3 thiobis diethylenamine (TDA) to coat on surface of bare 
particles. 
Preparation of stable polymer coated magnetic particles 
Preparation of polymer coated particles (PVP): the thioglycolic acid and 4-vinyl aniline were 
introduced as the first layer coated and second layer coated magnetic particles respectively. 
The third layer was synthesized by using free radical co-polymer method with vinyl 
pyrrolidone (VP) and 2nd layer coated particles as two monomers. 
Preparation of polyamine dendrimer coated particles (PAMAM): First bare magnetic particles 
were coated by APTES or TDA as the first layer and then they were developed to polyamine 
by a cascade type generation. In this work, two generations PAMAM on particles were 
carried out. 
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Polyacrylic acid (PAAc) coated magnetic particles were prepared by two methods (1) crossed 
linking method between –NH2 groups of APTES introduced as the first layer coated particles 
and COOH group of PAAc; (2) co-polymeric synthesis by using free radical method carried 
out using co-monomer acrylic acid and the second layer coated particles of PVP coated 
procedure. 
Characterization of magnetic particles  
Characterization of magnetic particles using Transmission Electronic Microscopy (TEM), 
Fourier Transform Infrared Spectroscopy (FTIR), Vibrating Sample Magnetometer(VSM), X-
ray diffraction (XRD), Thermogravimetric Analysis (TGA), Zeta potential, X-ray 
Photoelectron Spectroscopy (XPS), Brunauer-Emmett-Teller (BET) and Elemental analyzer. 
Application of magnetic particles in heavy metal separation 
 Development of an adsorption process for removal heavy metals (Hg2+, Cd2+ and Pb2+) used 
bare particles, pedant amine, and polymer coated magnetic particle as adsorbents in the 
certain case. The adsorption studies are used to investigate the effect of pH on metal removal, 
as well as to study the isotherm and kinetic behaviors of this process. The equilibrium results 
are fitted to either Langmuir or Langmuir-Freundlich model using Origin 7.5 software. The 
model giving higher regression coefficient (R2) value is taken as the better fitting model 
The purpose of the desorption process is to regenerate the particle surface and to recover the 
metal ions from the adsorbed phase. 
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Chapter 3:   Experimental Methods 
3.1  Materials 
The chemicals used for the experiment are listed below in Table 3.1. The chemicals were used 
as they were received without further purification. 




Formula Grade Supplier 
Iron (I I) chlor ide t etrahydrate (99%) FeCl2 .4H2O GR Fluka (USA) 
Iron (I II ) chlor ide hexahydrate (98%) FeCl3 .6H2O   Fluka (USA) 
Ammonium hydroxide (25%) NH4OH GR Merck (USA) 
γ-aminopropyltr iethoxys ilane C9H23NOSi GR Fluka (USA) 
vinylpyrrolidone C6H9NO GR Aldr ich 
Thiodiglycolic acid (98%) C4H6O4S GR Aldr ich 
4-Vinylanil ine C8H9N  Aldr ich 
Toluene C7H8  GR Scientif ic Fisher  
Methanol CH4O GR Merck (USA) 
ethylene diamine (99%) C2H6N2  GR Sigma 
1-ethyl-3(-3-dimethylaminopropyl)-
carbodiimide (min 99%) 
 GR Sinopharm 
 Chemica l 
3,3 thiobis diethylenamine   GR SinopharmChemica l 
Polyacrylic acid MW 2000(99%)  GR Sigma 
Polyacrylic acid MW 100000 (35%)  GR Sigma 
Nitr ic acid (65%) HNO 3  GR Merck (USA) 
Hydrochlor ide Acid (37%) HCl GR Merck (USA) 
Sodium Hydroxide (99%) NaOH GR Merck (USA) 
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 Table 3-1 (Contd) 
   
Methyl acrylate (99%)  C4H6O2  GR Merck (USA) 
Ethylenedinitr i lotetraacet ic acid 
disodium salt  dihydrate 
C10H 1 4N 2Na 2
O8 .2H 2O 
 
GR Fluka 
Mercury Chlor ide (99%) HgCl2  GR Sigma 
Cadmium Nitrate (99%) Cd(NO 3) 2  GR Sigma 
Lead Nitrate (99%) Pb(NO3) 2  GR Sigma 
Mercury standard solut ion in 2% 
HNO 3  for  ICP 
 GR Sigma 
Lead standard solut ion in 2% HNO 3  
for  ICP 
 GR Sigma 
Cadmium standard solut ion in 2% 
HNO 3  for  ICP 
 GR Sigma 
2-mercaptoethanol C2H6OS GR Sigma 
 
3.2  Synthesis of magnetite nanoparticles 
3.2.1  Synthesis of bare magnetite nanoparticles 
Nano magnetic particles were prepared by a chemical precipitation method from salts of 
FeCl2 and FeCl3 under alkaline condition and inert atmosphere. To produce 1g of Fe3O4 
precipitate, 0.86g of FeCl2.4H2O and 2.36g of FeCl3.6H2O were dissolved in 40ml of Mili-Q 
water under N2 atmosphere and vigorous stirring of 1000 rpm. Then 5ml NH4OH was added 
after the solution was heated to 80ºC. The reaction was carried out further for another 30 
minutes at 80ºC under constant stirring to ensure the complete growth of the nanoparticle 
crystals. The method was based on the following chemical reaction: 
FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH = Fe3O4(s) + 8NH4Cl + 20H2O        [3-1] 
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The resulting particles were then washed five times with Milli-Q water to remove any 
unreacted chemicals and dried by freeze-drying. The nano-magnetic particles were separated 
by an external magnetic field (Peng et al., Biointerfaces: 35, pp.169-174, 2004).  
3.2.2  Synthesis of amine coated magnetite nanoparticles 
Three different types of amine coated particles (APTES, EDA and TDA) were synthesized by 
the sol-gel anchoring method. 
Synthesis of APTES coated particles 
3 g of bare magnetic particles and 90ml ultra pure water were added into a 250ml three neck 
flasks fitted with a reflux condenser. 10 ml APTES was dropwise added. The reaction was 
carried out for 3 hours at refluxing temperature of 90oC under nitrogen atmosphere and 
stirring (Xu et al., 1997). The precipitates were isolated by magnetic decantation. Since the 
magnetic particles have large number of surface hydroxyl groups, these free –OH groups can 
bind covalently with APTES. Firstly, the silane coupling agents condensed to form silane 
polymers. Then, these polymers associated with the −OH groups on the surface of Fe3O4 
formed a covalent bond Si-O-Fe through dehydration. The reaction path is shown in Figure 3-
1. 








Figure 3-1: The coating reaction of magnetite particles with APTES 
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Synthesis of EDA coated particles 
During the early stage of synthesis of bare magnetic particles, 1g of thiodiglycolic acid 
(TDGA) was added in six portions over a period of five minutes. The reaction was continued 
for thirty minutes under nitrogen atmosphere and stirring, after which the stable water-based 
suspension obtained, was cooled down to room temperature, washed and collected by 
magnetic decantation (Shamim et al., 2005). These particles were called as the 1st layer coated 
nanomagnetic particles. The 2nd layer, EDA coated particles were prepared by using 
polyamide technique reaction. 50ml water soluble 1-ethyl-3(-3-dimethylaminopropyl)-
carbodiimide hydrochloride (WSC) with concentration 5mg/ml was added in 250 ml flask 
which contain 1st layer particles. The reaction of carboxylic group with carbodiimide was 
allowed to proceed at 4oC for 1 hour (Li et al., 2006). Then adding excess 20ml amount of 
ethylendiamine, the reaction was carried out at room temperature for further 5 hours. Particles 
was then washed and separated. The synthesis steps are shown in Figure 3-2. The sulphide (–
S–) group of TDGA combined with magnetic particles very easily and carboxyl (COOH) 
groups were activated by WSC. After that ethylene diamine replaced carbondiimide group to 














Figure 3-2: The coating reaction of magnetite particles with EDA 
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Synthesis of TDA coated particles 
To synthesize of TDA coated particles, the procedure was the same as that of the 1st layer of 
EDA coated particles. After adding FeCl2, FeCl3 and NH4OH during bare particle synthesis, 
2ml of 3,3 Thiobis diethylenamine (TDA) was drop-wise added in a 250ml three neck flask 
equipped with a reflux condenser. The reaction was subsequently performed for 3 hours under 
nitrogen atmosphere, 90oC and with constant stirring at 600rpm. The pathway of reaction is 




Figure 3-3: The coating reaction of magnetite particles with TDA 
Fourier Transform Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA), 
TEM, Elemental Analyzer were used for particle characterization. Brunauer-Emmett-Teller 
(BET) was conducted to measure surface area of bare and coated particles.  
3.2.4  Synthesis of polymer coated magnetite nanoparticle 
Synthesis of PVP polymer grated particle  
The initial coated procedure was the same as that of the 1st layer of EDA coated particles. 
Before the addition of 5ml of NH4OH, 1g of thiodiglycolic acid was added in six installments 
over a period of five minutes. The reaction was continued for thirty minutes and the 
precipitates were isolated by magnetic decantation (Shamim et al., 2005). After that the 
synthesis was continued for the second grafted layer. Some modification of Shamim et al. 
(2005)’s procedure were adapted: (1) Using the amide bond technique reaction to coat 
vinylaniline on the 1st layer surface, 2g carbodimide water soluble (concentration 5mg/ml) as 
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the catalyst;(2) The linking between carboxylic of 1st layer and amine group of vinylaniline 
was proceeded in room temperature; (3)The reaction was subsequently performed for 6 hours 
after the addition of 0.9ml 4-vinylaniline drop-wise into the suspension under stirring at 500 
rpm. These modifications prevented the hydrolysis of 2nd layer coating on particle surface. 
Then 1g of the bilayer magnetite nanoparticles was dispersed into 50ml solution of 
vinylpyrrolidone (2.81M). The reaction mixture, which was under constant stirring at 300 
rpm, was then slowly heated at 90°C for 5 hours (Yoram et al., 1989 and 1992). The 
polymerization reaction was initiated by 0.5ml of hydrogen peroxide (30%) and 0.3ml of 
ammonium hydroxide (25%). The product was isolated by external magnetic field. The 















Figure 3-4: The pathway reaction of PVP coated magnetite particles. 
Synthesis of PAMAM polymer grafted particle  
A polyamidoamine (PAMAM) dendrimer can be synthesized by a cascade type generation 
(Xu et al., 1997). In this work, there were two kinds of PAMAM coated particles synthesized 
by using APTES (PAMAM-ATP) or TDA (PAMAM-TDA) as the first layer coated magnetic 
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particles. 200ml of methylacrylate methanol solution (40% v/v of methylacrylate) was added 
in the 2g suspension of APTES coated particles or TDA coated particles. The reaction was 
conducted at room temperature and stirred at a low speed rate. The particles were then 
collected magnetically and rinsed with methanol five times. 80 ml of ethylenediamine 
methanol solution (50% v/v ethylenediamine) was then added to the particles. The reaction 
condition was maintained at the same above. The particles were then rinsed with methanol 
five times. Stepwise growth using methylacrylate and ethylenediamine was repeated until the 
desired number of generations was achieved. In this work, second generation of PAMAM 
coating on particles were obtained using either APTES (PAMAM-ATP) or TDA (PAMAM-
TDA) as 1st layer coated magnetic particles. The produce can be briefly explained by the 






Figure 3-5: The pathway reaction of PAMAM-ATP coated particles. 
Synthesis of PAAc polymer grated particle  
There are two methods to synthesize PAAc coated magnetic particles: (1) the cross-linking 
amide bond method between –NH2 group and COOH group of PAAc using APTES coated 
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particles as 1st layer coating on the bare particle to attach with different molecular weights of 
PAAc (2000, 10000 and 130000); (2) polymeric synthesis by free radical method using 
monomer of acrylic acid and the second layer coated particles from PVP synthesis procedure 
(VA coated particles). 
For the cross-linking method coated particles (PAAccross), the PAAc was first activated by 
water soluble carbodiimide (WSC) which was prepared by dissolving 2.8g WSC in the ultra 
pure water at concentration 5 mg/ml. The contents of the flask were stirred at 4°C for 1 hour 
and then 2g suspension APTES coated particles was added into the flask. The grafting of 
PAAc on APTES coated magnetic particles was allowed to proceed in the solution at 4°C for 
12 hours under slow stirring. The coated particles were then separated from the solution by 
magnetic field (Li and Bai, 2006). The pathway reaction of this method is shown in the 






Figure 3-6: The coating reaction of magnetite particles with PAAc. 
For the co-polymeric method (PAAcsyn), 2g of VA particles was dispersed in 40ml ultra pure 
water and 0.9 ml acrylic acid was added in this suspension. The polymeric reaction occurred 
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between the –CH=CH2 bond of VA coated magnetic nanoparticles with the monomer acrylic 
acid to form PAAc coated nanoparticles. The marcaptoethanol was used as the chain transfer 
reagent. The polymerization reaction was initiated by 0.05g potassium persulfate and the 
reaction carried out at 90°C for 5 hours. The binding procedure and schematic illustration of 
PAAc with Fe3O4 nanoparticles are shown in details in Figure 3-7. 
 
Figure 3-7: Schematic of PAAcsyn coated magnetite particles. 
3.3  Adsorption/ desorption experiments 
3.3.1  Adsorption of Hg(II) using amine, polyamine and PVP coated particles 
All types of amine coated magnetic particles was used as adsorbents to harvest Hg(II). Since 
nano-magnetite particles have iso-electric points, the adsorption capacity is expected to be 
affected by pH condition. To find the optimal pH, experiments were conducted with feed 
solution of different pH adjusted by the addition of either NaOH 0.1M or HNO3 5%. These 
experiments were carried out with 100 mg of magnetic particles and 50ml of feed of 100 
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(mg/L) Hg (II) concentration. For adsorption isotherm study, experiments were proposed at 
the optimal pH with 50ml of different Hg(II) solution (from 20(mg/L) to 140(mg/L)) and 
100mg wet particles. The mixture was left in a shaker for 12 hours to reach equilibrium. After 
adsorption, the particles were separated from the raffinate by means of an external magnetic 
field.  The raffinate solution was then filtered by 0.45µm filters. The mercury concentrations 
in the feed and raffinate solutions were measured by an Inductively Coupled Plasma-Optical 
Emission Spectrometer (ICP-OES, Perkin-Elmer Optima 3000 DV).  
3.3.2  Adsorption of Cd(II) and Pb(II) using PAAc coated particles 
Adsorption of Pb (II) and Cd (II) on the PAAc coated particles was carried out by mixing 
50ml of respective solution and 100mg of wet solid magnetic particles. The experimental 
procedures were same as that is described in section 3.3.1. 
3.3.3  Desorption experiments 
For desorption of Hg (II) study, EDTA 0.01M and Sodium Chloride 1M were used as the 
reagents for regeneration from amine coated particles, whereas disodium-EDTA and HNO3 
(0.01M, 0.05M and 0.1M) were used for the PAMAM coated particles. The mercury-loaded 
particles were mixed with 50ml of suitable regenerating reagents. The aqueous mixture was 
left in the shaker for 12 hours to reach equilibrium. Then, the raffinate solutions were 
separated and mercury concentration was measured by using ICP-OES.  
For desorption Pb (II) and Cd(II), three kinds of reagents were used for recovery PAAc coated 
particles: EDTA, HNO3 and HCl. The experiments were conducted at three different 
concentrations of 0.01M, 0.05M and 0.1M. The lead/ cadmium-loaded particles were mixed 
with 50ml of suitable reagents. After that the aqueous mixture was left in the shaker for 12 
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hours to reach equilibrium. Then the raffinate solution was separated and the metal 
concentration was analyzed by ICP-OES.  
3.3.4  Handling of toxic chemical 
The toxic chemical such as mercury, lead and cadmium aqueous during experiment are 
controlled as Heath Safety & Environment rule. They are poured to waste container and then 
brought to chemical waste-treatment plant. 
3.4  Analytical methods 
The analytical methods used in this experiment are described in the following sections: 
3.4.1  Transmission Electron Microscopy (TEM) Measurement 
A bright-field TEM (JEM-2010, 200kv) was used for the size measurement and size 
distribution of the magnetic nanoparticles. The sample was prepared by coating a thin layer of 
diluted magnetic particle suspension on copper film (200 mesh and covered with 
formvar/carbon). The copper film was then dried at room temperature for 24 hours before the 
measurement. 
3.4.2  X-ray Diffraction (XRD) 
X-ray diffraction is used to measure the crystallographic structure of the magnetic particles. 
The Powder X-ray diffraction (XRD) measurements were performed using a Shimadzu XRD-
6000 Spectrometer (Cu target/40 kV/30 mA, wavelength λ=0.1504nm). The XRD patterns 
change was plotted by intensity vs 2θ in the range of (20o -70o C). The average size of the 
crystals was estimated using Debye-scherrer’s formula. 
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3.4.3  Vibrating Sample Magnetometer (VSM) 
This technique is used to analyze characterization of magnetic materials as a function of 
magnetic field and temperature. Wet magnetic particles were freeze-dried (Edwards freeze-
dryer, ESM 1342) for 24 hours and then used for VSM measurement (Model: 1600, DMS). A 
plastic cylinder cell containing the sample was attached on a rod in the applied magnetic field 
from -15,000 to 15,000 Oe, in which the rod was vibrating at a certain rate. The magnetization 
curve of the magnetic particles at room temperature was then plotted in the changes of 
magnetic field strength and its direction.  
3.4.4  Thermalgravimetry Analysis (TGA) 
TGA is a thermal analysis technique used to measure changes in the weight of a sample as a 
function of temperature/time. The thermalgravimetry analysis (TGA) was performed on a 
thermal analysis system (Model: TA 2050). For TGA measurements, 5-15 mg of the dried 
sample was loaded into the system and the mass loss of dried sample was monitored under N2 
atmosphere at temperatures ranging from room temperature to 800oC at a rate of 10oC/ min.  
3.4.5  Fourier Transform Infrared (FTIR) 
FTIR analysis technique is a qualitative method to address structure of organic (and in some 
case for inorganic) materials. It measures the absorption of various infrared light wavelengths 
by the target sample, which can identify specific molecular components and structures. 
Absorption bands in the range of 4000-1500 wavenumbers are typically due to functional 
groups (e.g. –OH, C=O, N-H, and CH3, et al.), whereas wavelength numbers in range of 
1500-400 is considered as the fingerprint region, which is highly specific for each material. A 
certain amount of solid sample was mixed with 200mg KBr powder and then transformed into 
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pellet by press automation. The pellet was used for the FTIR measurements, which was 
performed in Shimadzu Model 400 using KBr as background.  The spectrum was recorded as 
a function of transmission and wavelength from 4000-400nm. 
3.4.6  Brunauer-Emmett-Teller (BET) Method  
BET analyzer (Model: Nova 3000) is used to measure the specific surface area. Surface 
cleaning (degassing) of the dried solid magnetic particles were conducted by placing the 
sample in a glass cell and heating under vacuum before the measurements. Once they are 
clean, small amount of nitrogen was admitted in steps into the chamber of sample. Then this 
gas was adsorbed onto the surface as monolayer. When equilibrium was reached, nitrogen 
was desorbed and the quantity was measured. From this result, specific surface area of the 
particles was calculated. 
3.4.7  Zeta Potential Analyzer 
The zeta potentials of magnetic particles at different pHs were measured using Brookhaven 
Zeta Plus 90 analyzer. Samples were prepared by diluting 20 mg wet magnetic particles in 10-
3 M NaNO3 solution at different pH adjusted with dilute HNO3 or NaOH solution. 
3.4.8  X-ray Photoelectron Spectroscopy (XPS) 
XPS is a technique for surface analysis of particles, in which surfaces are irradiated with soft 
X-ray and the emitted photoelectrons energy are analyzed. The difference between X-ray 
energy and the photoelectron energies give the binding energies (BEs) of the core level 
electrons, an atomic characteristic. XPS measurements were made on a VG ESCALAB MkII 
spectrometer with a Mg K X-ray source (1253.6eV photons) at a constant retard ratio of 40. 
The samples were mounted on the standard sample studs by means of double-sided adhesive 
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tapes. The core-level signals were obtained at a photoelectron take-off angle of 75 (with 
respect to the sample surface). The X-ray source was run at a reduced power of 120 W. The 
pressure in the analysis chamber was maintained at 7.510-9 Torr or lower during each 
measurement. All binding energies (BEs) were referenced to the C1s neutral carbon peak at 
284.6 eV. 
3.4.9  Elemental analysis (EA)  
Elemental analysis was performed using an Elemental (CHN/O) Analyzer, Model 2400 
Perkin-Elmer (Rank O’Connors) with acetanilide used as an internal standard. This analysis 
technique can provide an amount of organic coating on magnetic particles. 
3.4.10  Inductively coupled plasma-optical emission spectrometer (ICP-OES) 
ICP-OES is used for qualitative and quantitative determination of metals and certain non-
metals in solution. The liquid sample is nebulised into plasma where the temperature is 
sufficiently high to break chemical bonds, liberate elements present and transform them into a 
gaseous atomic state. A number of the atoms pass into the excited state and emit radiation. 
The frequency of this radiation is characteristic of the element that emitted it and as such can 
be used for identification purposes. The Perkin-Elmer Optima 3000DV ICP-OES system was 





Chapter 4:   Characterization of Nanomagnetic particles 
4.1  Introduction 
Several researchers discovered that magnetic particles could be tailored by using 
functionalized natural and synthetic polymers to impart surface reactivity. Since the adsorbed 
surface layer hinders the particles’ approach to each other at a distance at which the attraction 
energy was larger than disordering energy of thermal motion, this leads to stabilization of the 
particles and more easily encapsulated polymer on magnetic nano particles. Hence, Peng et al. 
(2003) used a bilayer surfactant (undecanoic acid) coated magnetic particles for the separation 
of the chemicals 2-hydroxyphenol and 2-nitrophenol, Liao and Chen ‘s (2002) work used 
functionalized natural and synthetic polymers to impart surface reactivity and Ugelstad et al. 
(1993) prepared hydrophobic monosized polystyrene magnetic particles. The methodology 
used was basically based on direct precipitation of iron salts inside in the pores of the porous 
polystyrene seed. 
In this work, nano-magnetic particles were functionalized by attaching functionalized pendant 
amine groups e.g. APTES, EDA and TDA. Beside they were coated with PAMAM, PVP and 
PAAc on the surface. The attachment procedure has been described in Chapter 3. The size, 
structure, and magnetic properties of the resultant magnetic nanoparticles were characterized 
by TEM/SEM, XRD, and VSM. The binding of all pendant amine coated and all polymeric 
coated magnetic nanoparticles (PAAc, PAMAM and PVP) were confirmed by FTIR, TGA, 





















4.2  Results and Discussion 
4.2.1  Characterization of pendant amine coated particles 
Thermo gravimetric analysis results of bare, APTES, TDA, and EDA coated magnetic 
particles are compared in Figure 4-1. The weight loss of APTES, TDA and EDA coated 
particles were in the range of (7.3-7.8) % and which was higher compared to the bare particles 











Figure 4-1: TGA analysis of mass changes of bare, APTES, TDA, and EDA coated 
magnetite nanoparticle 
 Figure 4-2 shows FTIR spectrum of the amines-grafted particles. In the APTES curve, the 
presence of peak at 590 cm-1 was Fe-O band. It was shifted to higher wavelength compared to 
580 cm-1 of Fe-O band of bare particles. The peak at 1004 cm-1 confirmed the bonding of Si-
O. The appearance of peak at 3410 cm-1, 3169 cm-1 was assigned to the bending vibrations of 



























about  590 cm-1 ,1612 cm-1, 1522 cm-1, 1340 cm-1 and 3419 cm-1, they were assigned to the 
characteristic bands of Fe-O, C=O,C-N, C-H and N-H. For TDA graphic, the bands at 3407 
cm-1, 1596cm-1, 590 cm-1 presented the asymmetric nature of NH, C-N, and Fe-O. These 
observations provided evidence for the surface modification and polymerization on the 








Figure 4-2: FTIR spectra for bare and amines grafted magnetic particles 
The amount of functional groups –NH2 was calculated from the results of elemental analysis. 
The Table 4-1 presents the experimental values of N, C, and H contents in three kinds of 
amine coated particles. The results indicated that the EDA coated particles contained highest 
amount of nitrogen. The nitrogen quantities in EDA coated particles are 1.387 mmol/g 
compared to 1.217mmol/g of TDA coated particles and 0.893 mmol/g of APTES coated 
particles. 
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Nitrogen (N)                                
 (mmol/g) 
Carbon (C)                                           
 (mmol/g) 
Hydrogen (H)                                               
 (mmol/g) 
APTES coated 0.893 2.933 0.485 
EDA coated 1.387 3.174 0.498 
TDA coated 1.217 2.712 0.388 
Figure 4-3 shows the TEM results of bare and amine coated particles. These particles were 
found to be approximately spherical in shape. The sizes and the size distribution of these 
particles were calculated by measuring 500 particles from the TEM results. The measured 
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Where p(D) is the probability frequency, D is the diameter (nm), D0 is the mean diameter 
(nm), and σ is the standard deviation (Peng et al. 2003). 
Two typical fitting results are shown in Figure 4-4. All the distributions were found to be log-
normal. The mean diameters found were 9.4, 10.8, 10.4, and 11.6 nm for bare, APTES, TDA 
and EDA particles, respectively. In general, there was an overall size increase for the coated 
particles in comparison to the bare ones. The BET results on the specific surface area were 
found to be 109.8, 97.0, 94.5 and 85.0 m2/g for bare, APTES, TDA and EDA coated particles. 






Figure 4-4: Size distribution of a) bare magnetic particles, b) EDA coated 
4.2.2  Characterization of Polymeric coated particles 
 Confirmation of polymeric magnetite nanoparticles by FTIR 
FTIR results of two kinds of PAMAM coated magnetic particles by using APTES and TDA 























showed a strong bending vibration of NH band at about 3400 cm−1. Two bonds at about 1713 
and 1600 cm−1 were C=O and C-N groups of PAMAM, respectively. In the PAMAM–ATP 
coated particles, it was noticed that there was a binding vibration at 1006 cm−1 due to Si-O 
band. In other hand, such a band was not found in PAMAM using TDA as 1st layer. The band 
between S and Fe could not be seen due to lower range of FTIR. In addition, all PAMAM 
coated particles showed a strong band of Fe-O at about 597 cm-1. However the characteristics 
adsorption band of Fe-O bonds in the tetrahedral sites was 582cm-1 (Nyquist and Kagel 
1971). This explains that the IR spectrum of the sample has been shifted to higher 










Figure 4-5: Comparison FTIR results between two kinds of PAMAM coated particles (A) 
used TDA as first layer (B) Used APTES as first layer. 
The FTIR results of different PAAc and PVP coated particles are shown in Figure 4-6. The 
major peaks for all kinds of PAAc and PVP coated particles were at about 3410 cm-1   for -OH 
and -NH stretching vibrations, at 1418 cm-1 for -CH symmetric blending vibration in -CHOH-
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, and at 597 cm-1 as band of Fe-O bond. The appearance of two peaks in all PAAc coated 
particles at the wavelengths of 1716 and 1580 cm-1 could be assigned to the characteristic 
C=O and C-N stretching vibrations. In comparison of PVP coated, the presence of these peaks 
were 1724 cm-1 and 1566 cm-1, beside there was one more peak at 1615cm-1 due to C-N bond 
in pyridine rings. The bond Si-O was also shown at binding vibration 1020 cm-1, and C-H 
bond of aromatic ring also shown at band 991 cm-1 for PAAc using free radical method, at 980 
cm-1 for PVP coated. Thus the FTIR results confirmed that all PAAc and PVP coated 












Figure 4-6: FTIR results two kinds of PAAc coated particles with (A) crossed linking 
method (B) free radical method and (C) PVP coated magnetic particles. 
Characterization of polymeric magnetite nanoparticles by TGA 
Figure 4.7 I&II shows that the shape of weight loss curves of all kinds of PAMAM 



























weight loss occurred in the range of temperature (180 – 700) oC. The percentage weight loss 
increased according to the number generation of polyamine coating on the particles. In 
generation (I) of the polyamine coated particles, there was about 11% weight loss was 
observed, while weight loss in the second generation of all polyamine coated particles was 
about 13%. It is expected that higher weight loss would occur if the number of coating of 
PAMAM on the particle surface is increased.  
The TGA graph demonstrated in Figure 4.7 (III) shows that the mass loss for the PVP and 
PAAc free radical methodology synthesis (PAAcsyn) occurred in the range of temperature 
(160 – 700) oC. The weight loss occurs in three steps. The first part corresponded to the 
ranges of temperature (160 – 260) oC and (190 – 300) oC for PVP and PAAcsyn particles, 
respectively. The second steps in the weight loss occurred in the temperature range of about 
(260- 450) oC for PVP and (300-450) oC for PAAcsyn coated particles. The third weight loss 
step found in the temperature range of (450- 750) oC for both PVP and PAAcsyn particles. 
This discrepancy in weight loss result confirmed that both PVP and PAAcsyn coated 
magnetic particles had highly organized structure. In addition, the percentage of weight loss 
was significantly large: about 30% for PVP and 35% for PAAcsyn coated particles. Once 
again, it inferred the polymer coating on the particle surfaces. 
In effect of amount of PAAc (MW 130,000) on the coating of the particles to weight loss is 
shown in Figure 4.7 (IV). The weight loss of PAAc coated particles using 20g PAAc MW 
1300000 was largest: about 29% compared to 26% and 24% using 25g and 15g of PAAc MW 
130000 respectively. The explanation for the result was that the high MW of PAAc has sticky 
property. Using excess quantity may cause resistance and decrease the yield of reaction (Adil 


















Figure 4-7: TGA analyses of mass changes: 
(I)  PAMAM coated magnetite nanoparticle base on APTES as 1st layer  
(II) PAMAM coated magnetite nanoparticle base on TDA as 1st layer 
(III) All PAAc coated magnetite particles(A)PAAccro MW 2000, (B)PAAccros MW100000, 
(C)PAAccro MW 130000, (D) PAAcsyn and PVP coated magnetic particles (E) 











































































Elemental analysis         
The amount of functional groups –NH2 and –COOH is calculated from the results of 
elemental analysis. Table 4.2 presents the experimental values of N, C, and H percentage of 
two kind of generation I and II polyamine coated particles. It was found that the nitrogen 
bonded amount of the generation I of PAMAM-ATP and PAMAM-TDA coated magnetic 
nanoparticles was 2.27 mmol/g and 2.42 mmol/g compared to 3.07 mmol/g and 3.21 mmol/g 
of PAMAM-ATP and PAMAM-TDA generation II, respectively. It was impossible to attach 
more amine groups on the surface magnetic particles. Table 4-2 also shows the content of N 
in PVP coated particle which is 2.91mmol/g. This was nitrogen content of –NH- groups 
located in amide bond of polymer chain. 
The carbon content of PAAc coated particles using cross-linking method (PAAccro) and free 
radical method (PAAcsyn) is shown in Table 4-2. The percentage of carbon in PAAccro 
coated particles was increased with the increase of the MW of PAAc. The highest value was 
13.878 mmol/g carbon of PAAccro Mw 130000 which was reduced to 9.878 mmol/g for 
PAAccro Mw 100000 and 4.927 mmol/g for PAAc 2000. It was inductive to confirm that 
there were more carboxylic groups (-COOH) on the magnetic particle surface. In comparison, 
for PAAc coated using free radical method, the percentage of C was 10.123 mmol/g of 
carbon. This revealed that the all coating of PAAc on the magnetic particles was successfully. 
Therefore, all of these results showed that there were significant numbers of functionalized 
groups of polymer coating on the magnetic particle surface. Moreover, these were in 
agreement with FTIR and TGA analysis. 
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Table 4-2: Elemental analysis for two kinds of PAMAM, all kinds of PAAc and 
PVP coated particles 
 
Nano-magnetic particles Nitrogen (N)                                             (mmol/g) 
Carbon (C)                                          
 (mmol/g) 
Hydrogen (H)                                   
 (mmol/g) 
PAMA-APTES coated(G1) 2.27 4.533 0.685 
PAMA-APTES coated(G2) 3.07 5.433 0.785 
PAMA-TDA coated(G1) 2.42 4.026 0.585 
PAMA-TDA coated(G2) 3.21 4.933 0.805 
PAAc Mw 2000 coated NA 4.927 0.687 
PAAc Mw 100000 coated NA 9.878 1.187 
PAAc Mw 130000 coated NA 13.878 1.214 
PAAcsyn coated NA 10.123 1.176 
PVP coated 2.91 4.9533 0.725 
 
As indicated above, the elemental analysis of different quantity PAAc (MW 130000) coating 
on magnetic particles by using in cross-linking method was conducted and their results are 
shown in Table 4-3. The highest value of carbon percentage was 13.878 mmol/g was found in 
PAAc coated particles using 20 g of PAAc. Increase of this quantity reduced the carbon 
content. Hence, the optimum quantity of PAAc found from this analysis (20g) was in 


























Table 4-3: Elemental analysis for PAAc coated particles using different amount of PAAc 
 
Nano-magnetic particles Carbon (C)               (mmol/g) 
Hydrogen (H)                                               
 (mmol/g 
PAAc Mw 130000 coated 
(using 10g of PAAc) 
11.468 1.192 
PAAc Mw 130000 coated 
(using 25g of PAAc) 
12.256 1.203 
PAAc Mw 130000 coated 
(using 20g of PAAc) 
13.878 1.214 
 
Characterization of polymeric magnetite nanoparticles by TEM 
The TEM result of PAMAM-ATP (I) and PAMA-TDA (II) coated particles are shown Figure 
4-8. Two kinds of polymer acrylic acid methodology synthesis were also attempted in this 
analysis (Figure 4-8 III & IV). The shapes of polyamine particles and all the PAAc coated 
particles were spherical. 
The sizes and the size distribution of these particles were calculated by measuring 500 
particles from the TEM results. PAMAM-TDA (I) and PAAcsyn coated particles (II) were 
taken as the model to measure size and analyze size distribution of the particles. As shown in 
Figure 4-9, the measured particle size distribution of these typical particles were fitted to log-






















Figure 4-8: TEM micrograph of (I) PAMAM -ATP, (II) PAMAM-TDA, (III) PAAccro (Mw 
130000), and (IV) PAAc syn coated magnetic particles 




















Table 4-3 shows the results of the mean diameter of all PAMAM and PAAc coated particles. 
All of the polymer coated particles had size below 30nm; hence, they had superparamagnetic 
properties (Berkovsky et al., 1993). In a comparison to pendant amine coated or bare 
particles, the size of these particles were significantly increased. This might cause of the 
decrease in specific surface area of the particles which will be confirmed by the BET results 
(4.2.2). 
Table 4-4: Particle size of two kinds of PAMAM and of PAAc coated particles. 
 
Nano-magnetic particles Particle Size (nm) Standard deviation (σ ) 
PAMA-APTES coated 13.6 0.132 
PAMA-TDA coated 13.2 0.134 
PAAc Mw 130000 coated 15.9 0.129 
PAAcsyn coated  16.1 0.126 
 
Confirmation of polymeric magnetite by XPS                                             
XPS spectra of elements in two kinds of polyamine are shown in Figure 4-10. The 
appearances of nitrogen (N1s) bands (399eV), iron (Fe2p) bands (711.1eV), oxygen (O1s) 
band 528 eV and carbon (C1s) band s284 eV indicated the deposition of polyamine on the 
surface of magnetic particles. Besides, the presence of silicon (Si2p) bands (101.1eV) in 
PAMAM coated particles based on APTES as 1st layer, and sulfur (S2p) bands 160ev 
strongly confirmed that the coating of polyamine on the magnetic particles were successful. 
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Figure 4-10 also presents the XPS wide spectra of PAAcsyn and PAAccro (Mw of PAAc 
130000) coated magnetic nanoparticles. The wide scan spectrum showed the iron (Fe2p) peak 
of magnetic particles at about 709 ev, the carbon (C1s) band at about 284 eV and the oxygen 
(O1s) band at 528 eV. However, in the XPS spectrum of PAAcsyn coated particles there was 
an appearance of nitrogen (N1s) bands (399eV), while it did not shown in the XPS spectrum 
of PAAc particles using cross-linking method. Therefore, XPS analysis of the particles 















Figure 4-10: The XPS spectra of elements on the surface of magnetic particles coated by poly 
amine base on TDA as 1st layer (a), APTES as 1st layer (b), PAAsyn(c) and PAAcross 
MW130000 (d) 
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Characterization of polymeric magnetite nanoparticles by XRD 
The X-ray powder diffraction of the bare and polymer coated magnetic nanoparticles are 
shown in Figure 4.11. Five characteristics peaks for Fe3O4 as well as two kinds for polyamine 
coated (Figure 4.12 I) and PAAc coated particles (Figure 4.11 II) were observed and were 
marked by their indices (220), (311), (400), (511), and (404), respectively. It revealed that the 
pure Fe3O4 and all polymer coated particles had a spinel structure. The crystallization of all 
kinds of magnetic nanoparticles at the most intense peak, corresponding to the 311 reflection 
in Fe3O4 was related with the mean size of the crystals according to the Debye- Scherrer 
formula (Yu et al. 2000) Dhkl = 0.9λ/(βcosθ) , where β expresses the half width of XRD 
diffraction lines, λ = 0.154nm, and θ is the half diffraction angle of 2θ.  The crystal size 
obtained by using the same formula for all polymer coated particles was about 14.4nm of two 











Figure 4-11: XRD patterns of (I) bare and two kinds of polyamine particles;(II) bare and two 
kind of PAAc particles 
 




















25 35 45 55 65
220 311 

















Characterization of polymeric magnetite nanoparticles by BET 
As shown in Table 4-5, the BET result of both PAMAM-APT and PAMAM-TDA was about 
69 m2/g; two kinds of PAAc particles also had results near each other which were about 56 
m2/g. Comparing with bare or 1st layer coated particles; the surface area of polymeric coated 
particles was definitely decreased. However, the specific surface area of PVP coated particles 
increased due to their porous and branchy properties (Ali et al., 2003). 
Table 4-5: BET results of two kinds of PAMAM, all kinds of PAAc 
and PVP coated particles. 
 
 
Nano-magnetic particles Particle Size (nm) BET ( m2/g) 
Bare  9.4 109.8 
APTES coated 10.8 94.5 
TDA coated 10.4 97.0 
PAMA-APTES coated 13.6 68.5 
PAMA-TDA coated 13.2 69.4 
PAAc Mw 130000 coated 15.9 57.8 
PAAcsyn coated  16.1 55.4 




























Characterization of polymeric magnetite nanoparticles by VSM 
The plot of magnetization versus magnetic field (M-H loop) at 25oC for typical magnetic 
nanoparticles and all polymer coated magnetic nanoparticles are illustrated in Figure 4-12.  
The figure shows almost zero coercivity and remanence which revealed the 
superparamagnetic properties of the nanoparticles (Chantrell  et al. 1978). It is known that the 
energy of a magnetic particle in an external field is proportional to its size via the number of 
magnetic molecules in a single magnetic domain. When this energy becomes comparable to 
the thermal energy , thermal fluctuations will significantly reduce the total magnetic  
moments at a given field (Shafi et al. 1998). This phenomenon confirmed that saturated 
magnetization of all polymer bound magnetic nanoparticles was clearly lower than that of 
bare magnetic particles. The saturated magnetization of PAAccro ( MW 130000 of PAAc), 
PAAsyn, PAMAM-TDA and PAMAMTDA coated particles were about 44, 51, 59 and 64 








Figure 4-12: Magnetization curve obtained by VSM at room temperature. 
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4.3  Conclusions 
The coating of pendant amine groups e.g. APTES, EDA and TDA on the surface of bare 
magnetic particles (Fe3O4) was introduced by using chemical precipitation method. The 
characterization results by using TGA, SEM, FTIR and Elemental analysis showed that the 
synthesis of bare and amine group coated particles were successful. Besides, the TEM 
analysis confirmed that all amine coated particles were of nano size and BET results showed a 
large surface area. These two results were consistent with each other. 
Polymer-coated nano particles were prepared by precipitation co-polymerization method 
using the bilayer surfactant coated particles (synthesized by vinylaniline cross-linking with 
thioglycolic coating as 1st layer on the surface of magnetic particles) as main monomer and 
co-monomer vinylpyrrolidone/arcrylic acid to form PVP or PAAcsyn, respectively. Another 
method to synthesize polymer coated particles was cross-linking between amine group of 
APTES coated particles and carboxylic group of PAAc. Besides, a polyamine (PAMAM) 
dendrimer was synthesized by a cascade of two generations which used APTES/TDA coated 
particles as the 1st layer. These particles were then characterized using TEM, XRD and VSM. 
The results showed that the all polymer coated particles were of nano size and showed 
superparamagnetic properties. FTIR and XPS suggested the attachment of PAAc, PVP, and 
PAMAM on the nanosurface. Thermal Gravimetry Analysis (TGA) and Elemental Analysis 
proved that all polymers were successfully bound on the bare particles. In addition, these 
results also showed that the increase in of PAAc molecular weight or cascade type generation 
of PAMAM synthesis would form more functionalized-COOH or –NH2 groups on particle 
surface. However it reduced the magnetic fields of particles presented in VSM results and 
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their surface area (BET results). Thus, there were only two generations of cascades for the 
synthesis of PAMAM, and Mw of PAAc used in this study was at 130000 smaller. 
 In summary the pendant amines and the polyamine coated particles were used for adsorption 
of soft metal ion such as mercury. All kind of PAAc coated particles were studied as 













Chapter 5:   Adsorption of Mercury on the Functionalized Coated 
Magnetic Particles 
5.1  Introduction 
Magnetic separation is a recent developing technology and mostly applied in the field of 
bioseparation. The principle of this method is to utilize magnetic particles to bind the target 
molecules via ligand to form a complex that can be separated from the bulk solution by a 
magnetic field gradient. According to the HSAB theory, mercury (II) is classified as a soft ion 
(Merrifield et al., 2004). This ion can form very strong bonds with CN-, R-S, -SH, -NH2 and 
imidazole, i.e. groups containing nitrogen and sulfur atoms (Volesky et al. 1990). It was 
known that the amine groups of chitosan can adsorb metals through several mechanisms 
including chemical interactions such as chelation, electrostatic interactions, ion exchange, or 
the formation of ion pairs (Li and Bai 2005).  
In the previous chapter, the preparation and characterization of pendant amine and polyamine 
coated nanomagnetic particles have been discussed in details. With respect to practical 
applications and implications, the adsorption of mercury is quite relevant. This chapter 
presents the results of mercury adsorption for both of equilibrium and kinetic on all kinds of 
amine coated nano sized magnetic particles. Since the magnetic particles have charge on the 
surface, the solution pH will affect adsorption capacity. Hence, the effect of pH was studied in 
details. Some adsorption mechanism was proposed. Moreover, experiments on desorption of 
metal from the magnetic particles were carried out in the presence of some chemical: EDTA, 
HNO3, HCl, and NaCl. 
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5.2  Results and Discussion 
5.2.1  Effect of pH on Hg (II) adsorption  
The zeta potential of bare, pendant amines, polyamine and PVP coated magnetic particles 
under different pH feed solution are shown in Figure 5-1. Under acidic condition, the bare 
and amines coated particles had positive charge, whereas they had negative charge in basic 
condition. The iso-electric point of TDA and EDA coated magnetic particle was at about pH 
7.0 compared to pH 7.5 of APTES and bare particles. On the other han, both of PAMAM 
coated base on APTES (PAMAM-ATP) or TDA (PAMAM-TDA) as 1st layer and PVP 
coated particles had zero-electric charge at about pH 8.0. From the electrostatic interaction 
view point, the positive charge of magnetic particles in acidic solution may favor the 
adsorption of negative charge pieces, while the negative charge of magnetic particles under 
alkali condition will favor the adsorption of positive charge pieces. 
 










Figure 5-1: Zeta potentials of bare and different amines coated nanomagnetic particle 
suspension at various pH 
Thus, solution pH was one of the important factors to affect adsorption capacity. In the 













































the pH range from 4.0 to 9.0. All the results are presented in Figure 5-2. When pH value was 
increased from acidic to alkaline range, there was an increase in the adsorption capacity 
reaching a maximum value. Then it decreased when pH solution went to alkaline range. For 
the bare and pendant amine coated particles, the optimal pH was about 7.0 (Figure 5-2 I & II), 












Figure 5-2: Solution pH affect to adsorption capacity of mercury: (I) Bare and TDA coated 
particles; (II) APTES and EDA coated particles; (III) two kinds of PAMAM-ATP (G1) & 





































































































5.2.2  Adsorption Mechanisms 
As shown in the zeta potential curves, the electrostatic repulsion between particles and Hg2+ 
ions decreases with increase of solution pH until iso-electric point. Thus, the adsorption 
capacity of bare and all amines coated particles was increase until the iso-electric point (about 
pH 7.0-8.0) was reached. However in alkaline condition, it decreased for all the amine coated 
particles but not so significantly of bare particles. These phenomenon can be explained by 
formation of [HgClx(OH)y]2- complex in high pH conditions. 
The chemical equations (5.1)-(5.3) can explain in detail the effect of pH on the Hg (II) 
adsorption capacity of amine coated particles (Jin and Bai, 2002).  
    -NH2    +   Hg2+   -> _ NH2 Hg2+                 [5.1] 
       _ NH2     +   H+    <-> -NH3+                                              [5.2] 
                -NH2      +  OH-  <-> -NH2OH -                                          [5.3] 
In general, the adsorption of amine coated particles for the heavy metal ions such as mercury 
was mainly caused through complexation between metal ions and the NH2 group (Jeon et al. 
2003). The equation (5-1) gave the formation of surface complexes of Hg(II) with the amine 
groups. However, in the acidic solution, these groups were protonated to convert -NH3+ as 
equation (5-2). Hence the active sites of amine groups on the particle surfaces were not 
sufficiently dominant to adsorb Hg2+, and thus adsorption capacity was low in acidic 
environment. Furthermore, under basic condition (equation 5-3), amine also formed complex 
-NH2OH- which did not favor interaction with [HgClx(OH)y]2- complex and this reduced 
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adsorption capacity of amine coated particles. Hence, the maximum adsorption capacity of all 










Figure 5-3:  XPS spectra of N1s for before mercury adsorption (I) and after  
mercury adsorption (II)  
According to HSAB theory, the nitrogen-containing groups are introduced to be responsible 
for the adsorption of mercury ions. In Fig. 5.3, the typical N 1s XPS spectra of the PAMAM-
TDA coated particles before and after Hg(II) adsorption were taken as example to explain 
more on the adsorption mechanism between Hg (II) and all kind of amine coated magnetic 
particles. Before mercury adsorption, there was only one peak at BE of 399.4 eV, this was 
attributed to the N atom in the –NH2 groups on the surfaces of PAMAM-TDA coated 
particles. However, the new peak appeared at BE of 398.1 eV after Hg adsorption for 
PAMAM-TDA coated particles. This might be due to the formation of the covalent bond of 
NH2-Hg2+, in which a lone pair of electrons in the nitrogen atom was donated to the shared 
bond between the N and Hg2+. As a consequence, the electron cloud density of the nitrogen 
398 402 406
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394 399 404 409
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8 402 6 
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atom was decreased, resulting in a higher BE peak of N atom was observed (400.4 eV). 
Therefore, the XPS spectra provided the evidence of mercury binding to nitrogen atom 
(Zhang et al. 2003). 
Contrary to phenomenon above, the adsorption behaviors of bare particles and PVP coated 
particles exhibited high binding ability for metal ions because of the favorable pore structure 
by micro pore control (Moon et al. 2000). This adsorption was a surface phenomenon; the 
larger available surface on the particle surface, the higher would be the metal ion adsorption 
capacity. The BET results showed that PVP coated particles had the largest surface area 
compared to bare particles. Thus it was expected to have higher adsorption capacity. 
However, only a slight increase in capacity was observed (Figure 5.2 IV). This was attributed 
to the porous nature of PVP coating (Ali et al., 2003). 
5.2.3  Adsorption isotherm  
Adsorption of Hg (II) on bare and PVP coated Magnetic Particles 
The adsorption equilibrium between Hg(II) ions and bare magnetic particles at three different 
pH are shown in Figure 5.4 (I). Maximum adsorption capacity occurred at pH of 7.5. On the 
other hand, Figure 5.4 (II) shows that maximum capacity of PVP grafted particles was at 
about pH of 7.9. 









                 [5-4] 
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where, C* (mg/ml) and Q (mg/g solid) are Hg(II) concentration in the aqueous solution and 
the adsorbed Hg(II) on the solid surface at equilibrium respectively. Qm is the maximum 











Figure 5-4: Equilibrium adsorption isotherms for bare and PVP coated magnetic particles at 
different solution pH and fitting (solid lines) results to Langmuir model 
 
Experimental data were fitted to the Langmuir equation using non linear regression analysis. 
The results showed that the adsorption behavior of Hg(II) on the bare and PVP coated 
particles followed the Langmuir isotherm. Table 5-1 shows all parameter of the Langmuir 
equation for bare and PVP coated particles. The maximum adsorption capacity of bare 
particle was about 275 mg/g solid compared to 290mg/ g solid of PVP grafted particles. The 
relatively high R2 values (> 0.97) are summarized in Table 5-2 indicated that the model fitted 
well the adsorption behavior.  
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Table 5-1: Langmuir parameters for mercury adsorption isotherms 
 
 
Parameter Bare Particles PVP Coated 
pH adsorption equilibrium 7.5 7.9 
Maximum adsorption  Qm (mg/g) 275 290 
Adsorption constant (Ka)  36.9 20.7 
Regression coefficient (R2) 0.9798 0.9756 
 
Adsorption of Hg (II) on pendant amine coated Magnetic Particles 
The adsorption equilibrium between Hg (II) ions and pendant amine coated magnetic particles 
at different pH are shown in Figure 5-5. The maximum adsorption for amine coated particles 
was at about pH 7.0-7.5. These results confirmed that the highest adsorption occurred near the 
iso-electric point. The Langmuir-Freundlich equation [5-5] was taken to express the 










                                                       [5-5] 
Where, C (mg/ml) and Q (mg/g solid) are Hg (II) concentration in the aqueous solution and 
the adsorbed Hg (II) on the solid surface at equilibrium respectively. Qm is the maximum 
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adsorption amount, Ka (ml/mg) is the adsorption constant and n is exponential factor (Shamim 
et al., 2007). 
Table 5-2: Langmuir-Freundlich parameters for mercury adsorption isotherms  
on the pendant amine coated particles  
 
Parameter APTES Coated TDA Coated  EDA Coated 
pH adsorption equilibrium 7.5 7 7 
Maximum adsorption  Qm (mg/g) 321 332 380 
Adsorption constant  (Ka)  5.2 3.3 6.7 
Regression coefficient (R2) 0.9707 0.9794 0.9872 
Exponential factor (n) 1.2 0.91 0.79 
 
Table 5-2 shows that the adsorption of three kinds of amine coated magnetite particles 
followed by Langmuir-Freundlich. The maximum adsorption capacity of EDA coated 
particles was 380 mg/g solid compared to 321 mg/g solid for APTES coated particles and 332 
mg/g solid for TDA coated particles. The relatively high R2 values (> 0.97) are shown in 


















Figure 5-5: Equilibrium adsorption isotherms for bare and amine coated magnetic particles at 
different solution pH and fitting (solid lines) results to Langmuir-Freundlich model 
Adsorption of Hg (II) PAMAM coated Magnetic Particles 
The adsorption isotherm of Hg (II) ions on the two kinds of polyamine coated magnetic 
particles at different pH are described in Figure 5-6. The largest adsorption capacity of all 
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polyamine coated particles was found to be at about pH 8.0. These results revealed that the 
maximum adsorption occurred near at iso-electric point. The adsorption results were fitted to 








Figure 5-6: Equilibrium adsorption isotherms for PAMAM-ATP (I) and PAMAM-TDA (II) 
coated magnetic particles at different solution pH and fitting results (solid lines) to Langmuir-
Freundlich model 
 
The model parameters for two kinds of polyamine coated magnetite particles are shown in 
Tables 5-3. The maximum Hg (II) uptake capacity of PAMAM-TDA was 450 mg/ g solid 
compared to 438 mg/g solid of PAMAM-ATP. The behavior of adsorption followed well  
Langmuir-Freundlich model (R2 > 0.97). The adsorption capacity of Hg (II) on the polyamine 
coated particles was increased. However, It was expected to have even higher adsorption as 
polyamine particles (G2) had significant active sites (-NH2) compared to pendant amine 
particles. It may be caused due to porosity and branchy of PAMAM which prevent Hg (II) 
ions to reach to the chelating functionalization of amine groups on particle surface (Adil et al., 
2005). 
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Table 5-3:  Langmuir-Freundlich parameters for mercury adsorption isotherms of Hg(II) 
on the PAMAM-ATP (I) and PAMAM-TDA (II) coated particles 
 
Parameter PAMAM-TDA Coated  PAMAM-ATP Coated 
pH adsorption equilibrium 8.0 8.0 
Maximum adsorption  Qm (mg/g) 438 450 
Adsorption constant  (Ka)  9.3 6.7 
Regression coefficient (R2) 0.9872 0.9927 
Exponential factor (n) 1.14 1.22 
 
5.2.4  Kinetic of adsorption  
Study on the adsorption kinetics of Hg (II) on magnetic particles was carried out with bare, 
pedant amine (APTES) and PAMAM-ATP coated particles. The experiments were conducted 
by mixing 50ml of the metal solution (100(mg/L)) with 0.1gram of the magnetite at their 
respective optimal pH.  
As shown in Fig 5-7, the rate of Hg(II) uptake is significantly high in initial stage which was 
then lower significantly as equilibrium is approached. The rapid adsorption of Hg (II) metal 
was achieved within the first 60 min for bare and 120 min for all amine coated particles. 
Adsorption kinetic data were often analyzed with kinetic models to reveal whether an 
adsorption process was dominated by a physical or chemical adsorption phenomenon. The 
pseudo second-order model was generally used to predict the adsorption process demonstrated 
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where qt (mg/g) is the adsorption amount at time t (min), k (g/mg.min) is the rate constant of 











Figure 5-7: Kinetic adsorption results of mercury ions on bare, APTES 
and PAMAM-ATP coated particles 
 
The fitting of the experimental kinetic data with equation 5-6 is given in the insertion of 
Figure 5-7. Linear relationships with high R2 value (above 0.998) were found for all the three 









































the adsorption kinetics of mercury ion on the bare, pendant amine and polyamine particles 
was represented well by the pseudo-second-order kinetic model. Therefore, it was reasonable 
to conclude that Hg(II) adsorption on these particles was dominated by a chemical adsorption 
process and  contributed to the fast adsorption kinetics (as compared to other conventional or 
physical adsorption processes) (Mellah et al. 2006). 
  
5.2.5  Desorption of Hg (II) 
Desorption of Hg2+ ions from the surface of the metal loaded bare and pendant amines coated 
magnetic particles were carried out in Disodium-EDTA and NaCl solutions. Beside, all 
polyamine coated particles were regenerated by using Disodium-ETDA and HNO3 with 
different concentration. 
 The adsorbed efficiencies of the metal ions are shown in Table 5-4. The highest desorption 
efficiency was about 40% for bare particle using NaCl 1M and 85% for amines coated 
particles using disodium-EDTA 0.1M. It was found that disodium-EDTA was not suitable for 
desorption from bare particles. It might be caused of acidic behavior of EDTA which would 
destroy the metal loaded magnetic. However the use of NaCl did not give high desorption 
efficiency for bare particles.    
As addressed in Table 5-5, the recovery of two polyamine coated particles was given in high 
value. The highest value of desorption efficiency of PAMAM-ATP was about 92% and 
PAMAM-TDA 90% by using disodium-EDTA 0.1M. Any further increase in concentration of 
these reagents did not enhanced recovery significantly. The concentration 0.05M of disodium-
EDTA or HNO3 was reasonable for desorption Hg(II) from polyamine coated particles. 
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Table 5-4: Hg (II) desorption efficiency for the metal 








NaCl 1M NaCl 1M 
Bare 
Particles     35% 40% 
APTES 
Coated 80 % 86% 38% 42% 
TDA Coated 81% 84% 34% 39% 
EDA Coated 82% 85% 36% 38% 
 
Table 5-5:  Hg (II) desorption efficiency for the metal loaded magnetic 





 EDTA 0.01 M 
disodium EDTA 









PAMAM-ATP 80% 88% 92% 76% 86% 89% 
PAMAM-TDA 82% 86% 90% 74% 84% 87% 
 
5.3  Conclusions 
In summary, the amine functionalized group coated particles were considered as good 
adsorbents. With these particles, the high uptake capacity and recovery efficiency were 
achieved. The adsorption for pendant amine and polyamine coated particles were pH 
dependant. At optimal pH, the maximum adsorption were from 321, 331, 380 mg Hg/g for 
APTES, TDA and EDA coated particles respectively compared to 438 mg Hg/g for PAMAM-
ATP and 450 mg/g of PAMAM-TDA coated particles. The adsorption capacity of all 
polyamine particles was enhanced, but the high uptake expectation was not observed. This 
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could be due to porosity and branch coating of PAMAM. It was found that the regeneration of 
these particles was high (about 85% of pendant amine particles, 90% of polyamine) and their 
adsorption equilibrium occurred in short time in about 2 hours. Thus, all amine coated 
particles in this work were suitable in adsorbents to remove mercury from wastewater 
treatment. 
However, the bare and PVP coated magnetic particles should not be used for adsorption 
mercury. The uptake Hg (II) of bare magnetic particles were fairly high (about 280 mg/g 
particles), but their recovery was low (40%) on the economic point of view. Besides, the 
enhanced adsorption capacity of PVP coated particles was not observed in comparison to bare 
particles (about 290 mg/g particles), while its synthesis procedure was very complicated. Thus 
using PVP and bare particles as adsorbent for removal mercury from wastewater treatment 








Chapter 6:   Adsorption of Cadmium on the PAAc and the Amine 
Coated Magnetic Particles 
 
6.1  Introduction 
Cadmium is a toxic substance which is widely used in several industries including metallurgy, 
surface treatment, and dye synthesis. Therefore, cadmium removal from aqueous effluents has 
been classified as a priority in the last decade. As stated in the previous chapter, adsorption is 
a better method for the removal of heavy metals from wastewater compared to chemical 
precipitation, filtration, and ion exchange. There are many commercial adsorbents available 
for this purpose e.g. activated carbon, chitosan and fibers (Budinova et al. 2007, Evans et al. 
2002, and Deng et al. 2003). In comparison, surface functionalized nano-magnetic particles 
having magnetic property and large surface area could be a better adsorbent. However, very 
limited work has been published in this area. 
In chapter 5, pendant amine or polyamine dendrimer coated particles have been shown as 
good adsorbents for uptake of Hg(II). This chapter presents the work on Cd(II) adsorption 
from aqueous solution using all PAAc and PAMAM coated particles. The effect of solution 
pH on cadmium ion removal was studied and the adsorption isotherm was investigated 
whether fitted to Langmuir or Langmuir- Freundlich model. Experiments on adsorption 
kinetics were performed. Discussion on the adsorption mechanism has been presented. 
Besides, the regeneration of all PAAc coated particles was also carried out using some reagent 
such as HCl, HNO3 and disodium-EDTA. 
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6.2  Results and Discussion 
6.2.1  Adsorption of Cd(II) on the PAAc coated particles 
The effect of pH to adsorption capacity 
Figure 6-1 presents the adsorption capacity of Cd (II) on the PAAc coated particles using 
cross-linking method (Figure 6-1 I) with different PAAc MW coating (2000, 100000 and 
130000) and PAAc using free radical method (Figure 6-1 II). Different initial pH of feed Cd 
(II) solution was studied in the pH range of (3.0 to 8.0). The initial cadmium ion concentration 
was selected to be 80 mg/L in order to avoid any precipitation of the metal ions in high pH 
aqueous (Evans et al. 2002). According to this figure, the uptake Cd (II) of all PAAc particles 
increased with the increase of pH from 4.0 to 7.0. After that, it decreased at pH 8.0. Hence the 
adsorption capacity of all PAAc coated particles was strongly affected by pH condition. This 
can be explained in two ways: (1) solubility and distribution of metal ions in the solution and 








Figure 6-1: Solution pH affect to adsorption capacity of Cadmium: (I) PAAc coated particles 























































Mechanism of adsorption 
From electrostatic attraction view point, the positive charged pieces will interact with 
negatively charge ones. As presented in Figure 6-2, the iso-electric point of all PAAc coated 
particles is in the range of (3.8-4.4). At lower pH, these particles had positive charge and then 
there was no interaction between PAAc particles and Cd2+. However, a certain amount of 







Figure 6-2: Zeta potentials of (I) PAAccros particles coated by different MW of PAAc and 
(II) PAAcsyn coated particles suspension at various pH 
According to Benegas et al. (1998), PAAc coated particles would be deprotonated when pH 
solution was higher than pKa of PAAc (about 2.8-3.4). The carboxylate (-COO-) groups on 
the surface of PAAc coated particles were formed and contributed greatly to the electrostatic 
attraction between the magnetic particles and Cd2+ ions. Thus, the adsorption capacity 
proportionally increased with pH solution from (3.0 to 7.0). However it was then decreased 
with the increase of pH value due to formation complex [Cd(NO3)x(OH)y]2-. This complex 








































Moreover, it was found that oxygen atoms were highly electronegative and electron rich. 
They form polar C=O bonds and attracts the positively charged metal ions via ion-dipole 
attraction. Also oxygen atoms can act as electron donors and establish dative bonds with Cd2+ 
ions and results in chelation. Metal adsorption via ion-dipole interaction and chelation may 





















Figure 6-3: FTIR spectra of PAAc for before Cd2+ adsorption (A) and after 
Cd2+ adsorption (B)  
 
In order to elucidate this phenomenon, The FTIR analysis was conducted to find the spectra 
of PAAccro 130000 coated particles before and after the adsorption of Cd(II) at optimal pH 
and its initial concentration 80 (mg/L). As displayed in Figure 6-3, there are same vibrations 
of C-H, C=O, Fe-O, Si-O band of before and after the uptake of Cd(II) on PAAccros particles. 
However, there were three peaks need to be analyzed on FTIR curve of PAAc particles after 
adsorption. According to the work of Varkey et al. 1994, Ghosh et al. 2004 and Simic et al., 






















spectrum at 798 cm-1 in this work was due to O-Cd band. The second new peak was at about 
1617 cm-1 representing of C=O band, the chemisorbed cadmium in carboxylate group of 
PAAc nanoparticles made this band shifted to a lower frequency region. The last new peak 
was at 1697 cm-1, it could be assigned to asymmetric nature of the C=O peak. This revealed 
that the carboxylate (-COO-) groups on the PAAc particle surface were introduced in 
adsorption sites. 
Adsorption isotherm 
Adsorption of Cd(II) ions from aqueous solutions was investigated in batch experiments. The 
PAAccro with PAAc MW 130000 and PAAcsyn coated particles were chosen as model to 
study adsorption isotherm with different pH. The uptake isotherm of Cd2+ on two PAAc 
coated particles was shown in Figure 6-4. For PAAccro 130000 particles (Figure 6-4 I), the 
maximum adsorption was reached in equilibrium concentration of Cd(II) about 0.38 mmol/l. 
On the other hand, it was shown about 0.41 mmol/l of equilibrium concentration Cd(II) for 
PAAcsyn coated particle  (Figure 6-4 II). Furthermore adsorption of Cd2+ on all PAAc 
particles followed in Langmuir-Freundlich model (equation 5-5). 
All adsorption parameters of equation 5-5 are shown in Table 6-1. The model predicted well 
the adsorption behavior (R2 > 0.98). The highest uptake capacity of Cd(II) on PAAcsyn 
particles was about 87 mg/g particles and occurred at optimal pH 7.0. In comparison, the 
maximum adsorption capacity of Cd(II) on the PAAccro130000 was about 102 mg/g particles 
and also took place in pH 7.0. In literature review, the work of Dzul Erosa et al.2000 was 
achieved higher adsorption capacity (150mg/g), but the PAAc coated particles had advantage 









Figure 6-4: Equilibrium adsorption isotherms with Cd (II) of all PAAccro coated particles (I) 
and PAAsyn (II), fitting results (solid lines) to Langmuir-Freundlich model 
 
 
Table 6-1:  Langmuir-Freundlich parameters for mercury adsorption isotherms of Cd(II) 
on the two kinds of PAAc coated particles 
 
Parameter PAAsyn Coated  PAAccro 130000  Coated 
pH adsorption equilibrium 7.0 7.0 
Maximum adsorption  Qm (mg/g) 87 102 
Adsorption constant  (Ka)  13.581 14.367 
Regression coefficient (R2) 0.9896  0.9885 
Exponential factor (n) 1.394 1.313 
For comparison, adsorption isotherms of all PAAccro particles were studied at optimal pH 
(pH 7.0). As shown in Figure 6-5, the uptake capacity is increased with the increase of MW of 
PAAc coating. It proved that more adsorption sites were located in the surfaces of the 
particles. The adsorption isotherms of all PAAccro particles were also fitted in Langmuir-
(I) 
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Equilibrium Conc. of Cd (mmol/l)
Freundlich model (equation 5-5). All fitted parameters of this equation are shown in Table 6-
2. The highest uptake Cd(II) was 102 mg/g on PAAccro 130000 particles compared to 78 
mg/g on PAAccro 100000. However, for PAAccro 2000 particles the maximum adsorption 
reduced significantly (48mg/g particles). 
Table 6-2:  Langmuir-Freundlich parameters for Cd(II) adsorption isotherms  









PAAccro 2000  
Coated 
pH adsorption equilibrium 7 7 7 
Maximum adsorption  Qm 
(mg/g) 102 78 42 
Adsorption constant  (Ka)  16. 263 14.367 20.691 
Regression coefficient (R2) 0.9862 0.9885 0.9791 









Figure 6-5: Equilibrium adsorption isotherms for all PAAccro coated particles, fitting results 





















































The kinetics of adsorption on PAAccro with highest molecular weight PAAc (130000) and on 
PAAcsyn coated particles for Cd2+ ions were conducted at the optimal pH 7. A pseudo-first-
order and a pseudo second order model were used to fit the results. The models are shown in 
the equation (6-1) and (6-2) respectively. 
                                                                    (6-1) 
                  (6-2) 
       
where qt is the amount of lead sorbed (mg/g) at time t (min), qm is the maximum of lead 
sorbed at equilibrium (mg/g), k1 is the equilibrium rate constant of pseudo-first-order 














It is evident from the Figure 6-6 that the initial rate of metal uptake is significantly high. Then 
subsequent rate of removal becomes much slower and it gradually reaches equilibrium in 
about 120 minutes. The high initial adsorption efficiency was possibly due to external surface 
adsorption. The high density of adsorption sites (-COO- groups) on the surface of PAAc 
coated particles made it easy for the Cd2+ ions to access the active sites and hence a rapid 
approach to equilibrium. Once the surface active sites were saturated with adsorbate, there 
was no significant increase in adsorption. 
The model fitting results are shown in insertion of Figure 6-6. It was found that the kinetic of 
adsorption Cd(II) on the PAAcsyn and PAAccro 130000 particles were well fitted the pseudo 
second order model as it gave a linear variation with high R2 value. 
6.2.2  Adsorption of Cadmium ion on the amine coated  
pH dependence of metal  adsorption 
The experiments were conducted in the pH range of (5.0-9.0) at Cd(II) concentration 50 
(mg/L). PAMAM-ATP, PMAMA-TDA and two pendant amine (APTES and TDA) coated 
particles were used for the adsorption of Cd(II) in these experiments. As shown in Figure 6-7, 
the adsorption capacity of all amine coated particles has increased with the increase of pH 
from (5.0-8.0). After that it has decreased in the pH range of (8.0-9.0). The highest adsorption 
capacity occurred at about pH 8.0 for polyamine coated particles compared to at about pH 7.5 
for pendant amine particles. This observation has been explained in section 5.2.2. At low 
solution pH, amine sites on the particle surface were protonated, whereas they formed the 



































































Figure 6-7: Solution pH affect to adsorption capacity of Cadmium on all amine coated 
particles 
 
The adsorption isotherm 
The adsorption on magnetic particles with different Cd(II) concentrations (from 10(mg/L) to 
70(mg/L)) was carried out at optimal pH for each kind of particles (at iso-electric point). The 
mixture of 50ml aqueous solution and adding 100mg wet amine coated particles was left in a 
shaker for 12 hours to reach equilibrium. 
Figure 6-7 (I) presents the results of adsorption isotherm of Cd(II) on the PAMAM-ATP and 
APTES respectively, while the adsorption results with different concentration of cadmium on 
the PAMAM-TDA and TDA coated particles are shown in Figure 6-7 (II). Certainly, The 
adsorption capacity of Cd(II) on the pendant amine or polyamine was not very high (the 
highest uptake of Cd2+ about 35 mg/g). It can be explained that Cd (II) is not a weak metal ion 
from definition of HSAB theory; hence it does not form strongly covalent bond with NH2 
which is known as week alkali (Jonh et al., 2004). Thus, pendant amine and polyamine coated 












Figure 6-8: Adsorption isotherm of Hg(II)/Cd(II) on PAMAM-ATP/APTES (I) and PAMAM-
TDA/ TDA coated particles (II). 
 
6.2.3  Desorption of Cd (II) 
The regeneration of the adsorbents was performed in batch experiments at room 
temperature. Two chemicals (disodium-EDTA and HNO3) at different concentrations of 
0.01M, 0.05M and 0.1M were used to desorb Cd(II) from the loaded PAAc particles. To 
make sure no destruction magnetic particles, the high concentration of these acids was 
avoided. Desorption from PAAcsyn and PAAccro 130000 was taken as two model cases.  
As shown in Table 6-3, the highest recovery of PAAcsyn coated particles was about 86% 
using HNO3 0.1M compared to 81% using Disodium EDTA 0.1M. A regeneration of 
PAAccro 130000 particles was also found to be high, about 80% using disodium-EDTA and 
85% using HNO3 0.1M. 
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Table 6-3:  Hg (II) desorption efficiency for the metal loaded magnetic 
particle with disodium-EDTA and HNO3 
 
disodium EDTA  HNO3 Magnetic 
partciles  
0.01M 0.05M 0.1M 0.01M 0.05M 0.1M 
PAAccro 
130000 coated  70% 75% 80% 75% 79% 85% 
PAAsyn coated 69% 76% 81% 74% 82% 86% 
6.3  Conclusions 
In summary, although PAAc coated particles did not show high uptake capacity for Cd(II) 
adsorption, the regeneration efficiencies were high and the adsorption equilibrium was 
reached in short time (2 hours). Hence, they were considered as adsorbents to apply for 
removal Cd(II) for wastewater treatment. On the other hand, all amine coated particles were 
not suitable for the uptake of Cd (II) due to low adsorption capacity (about 35mg/g). The 
uptake Cd(II) of all PAAc coated particles was also strongly affected by pH of aqueous 
solution. The adsorption isotherm of Cd(II) on all PAAc coated particles followed Langmuir-
Freunlich model and the adsorption capacity of PAAcsyn coated particles was about 88 mg 
Cd/g particles compared to 102 mg Cd/ g particles of PAAccro 130000. The mechanism of 
adsorption revealed that the COO- groups played important role at the adsorption sites of the 
particle surface. Thereby, the uptake Cd(II) of PAAc coated particles (PAAccro) using cross-
linking method was increased with the increase of PAAc MW coating onto particles surface. 
Moreover, it was found that the adsorption kinetics of all PAAc coated particles followed a 
pseudo second order reaction. Therefore, all PAAc coated particles in this work are 
considered as good adsorbents for uptake cadmium from wastewater treatment. 
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Chapter 7:   Adsorption of Lead on the Polymer Coated  
 
7.1  Introduction 
The presence of lead causes of brain damage and dysfunction of the kidneys, the liver, and the 
central nervous system in human beings, especially in children. The major sources containing 
lead are the wastewaters from process industries such as lead mining, battery recycling plants, 
printed circuit board factories, and electronics assembly plants (Schneegurt et al., 2001). In 
the past, the removal Pb(II) from industrial effluents was hence studied by many researcher 
such as chemical precipitation (Swiderska-Broz M., 1987 and Husein et al., 1999),  
electrochemical reduction (Lin et al., 1999) and ion exchange (Petruzzelli et al., 1999). In the 
last few years, adsorption has been shown to be an alternative method for removing dissolved 
metal ions from wastewater. There are many adsorbents were explored to uptake Pb from 
wastewater e.g. activated carbon (Singh et al. 2008), chitosan (Li and Bai, 2006) and carbon 
aerogel (Kadirvelu et al.2007). In comparison to these adsorbents, magnetic particles have 
some advantages for adsorption of lead: (1) Magnetic property of particles which separated 
quickly from solutions by a relative magnetic field (2) large specific surface of particles. 
In the previous chapter the adsorption of mercury ion on bare and coated particles was 
presented. The similar experiments for another heavy metal (lead) were conducted and the 
results were presented in this chapter. The adsorption isotherm and adsorption kinetic of lead 
on all kinds of PAAc nano sized coated magnetic particles were studied. Since PAAc contains 
significant carboxylic groups and has anionic polyelectrolyte feature, they can provide 
favorable or attractive electrostatic interaction for lead ion adsorption (Smitha et al. 2004). As 
consequence, the magnetic particles have charge on the surface and pH will affect the 
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adsorption capacity. The experiments for pH effect were hence conducted. Some relevant 
mechanism for adsorption was proposed. Beside, desorption was also studied to recover 
magnetic particles using some reagents such as EDTA, HNO3, and HCl. 
7.2  Results and Discussion 
7.2.1  Adsorption of Pb (II) on the PAAc coated particles  
pH dependence of metal chelation 
The experiments were conducted in the pH range of (2.5-6.5) and at a relatively low initial 
lead ion concentration of 50 (mg/L) to avoid any possibility of lead precipitation in the pH 
range studied (Ayres et al. 1994). The effect of pH on Pb(II) adsorption on all PAAc coated 
magnetic particles is shown in Figure 7-1. It infers that pH has a significant effect to the 
adsorption of Pb on PAAc coated magnetic particles. For the increase of pH from 2.5 to 5.0, 
the uptake of Pb (II) on all PAAccros and PAAcsyn coated particles increased significantly. 
Then it was reduced with increase of pH from 5.0 to 6.5.   
The possible explanation for the observed pH effect on adsorption may be related to the 
surface charge of all PAAc coated magnetic particles. The charges on the particle surface 
depended on the functional group present and they were affected by the pH of the surrounding 
environment. The measured zeta potentials of PAAccro and PAAcsyn particles in suspension 
at different pH are shown in Figure 6-2 (I) & (II), respectively. When the surrounding pH was 
below isoelectric point, the molecule carries net positive charge. At pH higher than isoelectric 
point, the molecule had net negative surface charge. The PAAccro with MW of PAAc 100000 
and PAAcsyn had isoelectric point about pH 4.1 compared to pH 3.8 of PAAccro with MW of 
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PAAc 130000 and pH 4.3 of PAAcro with MW of PAAc 2000. The maximum adsorption 










Figure 7-1: Solution pH affect to adsorption capacity of lead: (I) PAAc coated particles using 
cross-linking method and (II) PAAc coated particles using free radical method 
 
Adsorption isotherm  
Adsorption isotherms describe how adsorbents interact with adsorbates and are important in 
optimizing the use of adsorbents. The adsorption isotherms of Pb (II) ions on the two kinds of 
polyacrylic acid coated magnetic particles at different pH are shown in Figure 7-2. The PAAc 
particles using cross-linking method with MW of PAAc 130000 (PAAccro130000) was taken 
as model for adsorption isotherm of lead ion. The highest uptake capacity of Pb (II) on 
PAAcro coated particles was about pH 5.0 compared to pH 5.5 of PAAcsyn particles. The 





























































Figure 7-2: Equilibrium adsorption isotherms for PAAccro130000 and PAAcsyn coated 
magnetic particles at different solution pH, fitting results (solid lines) to 
Langmuir-Freundlich model 
 
Table 7-1 shows all adsorption parameters of PAAccro130000 and PAAcsyn coated particles. 
The maximum adsorption capacity of PAAcsyn particles was about 258 mg/g dried particles 
and occurred at optimal pH 5.5. The highest uptake capacity of Pb(II) on the PAAccro130000 
was about 271 mg/g particles at pH 5.0. Since the all regression coefficient parameters (R2) 








































































Table 7-1:  Langmuir-Freundlich parameters for adsorption isotherms of Pb(II) 
on the two kinds of PAAc coated particles 
 
Parameter PAAsyn Coated  PAAccro 130000  Coated 
pH adsorption equilibrium 5.5 5 
Maximum adsorption  Qm (mg/g) 271 258 
Adsorption constant  (Ka)  7.0926 9.8896 
Regression coefficient (R2) 0.9744 0.9878 
Exponential factor (n) 1.24 1.35 
 
Adsorption isotherm was also studied at optimal pH of all PAAccro particles. As shown in 
Figure 7-3, the uptake capacity increases almost proportionally with PAAc MW of PAAccro 
coated particles. Hence, there were more sufficient adsorption sites on the adsorbent and the 
adsorption capacity in these cases was dependent on the number of metal ions those were 
transported from the bulk solution to the surfaces of the adsorbent. The adsorption isotherms 
of all PAAccro particles were fitted in Langmuir-Freundlich model (equation 5-5). Table 7-2 
shows all the fitted parameters. The highest uptake Pb(II) was 271 mg/g of PAAccro 130000 
particles compared to 240 mg /g of PAAccro 100000. Whereas, the maximum adsorption 
capacity of PAAccro 2000 particles were significantly decreased (128mg/g particles). 
Table 7-2:  Langmuir-Freundlich parameters for mercury adsorption isotherms of Pb(II) 










PAAccro 2000  
Coated 
pH adsorption equilibrium 5 5 5 
Maximum adsorption  Qm 
(mg/g) 240 271 128 
Adsorption constant  (Ka)  8.3926 9.8896 6.17914 
Regression coefficient (R2) 0.9824 0.9912 0.9867 













Figure 7-3: Equilibrium adsorption isotherms for all PAAccro coated particles and fitting  
results (solid lines) to Langmuir-Freundlich model 
Adsorption Mechanisms 
The adsorption of Pb (II) on PAAc coated particles can be explained by attribution to the high 
affinity between the deprotonated carboxyl groups (-COO-) of PAAc and the positively 
charged metal ions (Pb2+). According to Benegas et al. (1998), the pKa of PAAc have the 
PAAccro 2000  
PAAccro130000  
PAAccro100000  
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range of 2.8 to 3.4. When the pH solution is higher than pKa, acid groups (-COOH) of PAAc 
coated particles will be deprotonated to form negatively charged carboxylate (-COO-) groups 
(Manju et al.2002). Thus there is more Pb2+ adsorbed onto the particle surface via electrostatic 
attraction. It may be the cause of increasing the adsorption capacity when pH value increased 
from 2.8 – 5.0 (Figure 7-1). Then if there was any increase of pH value, the uptake capacity 
was reduced. This can be explained by due to the competition between Pb2+ and H+, in which 
was produced more at high pH solution. Therefore the adsorption capacity was strongly pH 
dependant. 
In the PAAc particles using cross-linking method, during the grafting reaction, only a small 
amount of carboxyl groups from PAAc coating were activated by the WSC initiator and 
reacted with the amine groups from APTES to form amide bonds. The remaining unreacted 
COOH groups are available for adsorption. The more COOH groups there were on the 
particle surfaces, the higher would be the adsorption capacity. Thus for high molecular weight 
PAAc coated particles yielded better adsorption results. It was expected that the higher the 
molecular weight of the PAAc, the higher the adsorption. 
In order to elucidate this phenomenon, the XPS spectra analysis of the PAAcsyn coated 
particles before and after Pb(II) adsorption were conducted to explain more detailed 
adsorption mechanism. As shown in Figure 7-4, before lead adsorption there is only one peak 
at BE of 528 eV which is contributed to the O atom in the –COOH groups on the surfaces of 
PAAc coated particles. However, after Pb adsorption, an appearance of new peak is occurred 
in BE of 529.1 eV. This might be due to the formation of the covalent bond of -COO-Pb2+, in 
which a lone pair of electrons in the oxygen atom was donated to the shared bond between the 
O and Pb2+. Correspondingly a higher BE peak of O atom was observed (528.4 eV), because 
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electron cloud density of the oxygen atom was decreased. Therefore, the XPS spectra provide 







Figure 7-4:  XPS spectra of N1s for before Pb2+ adsorption (I) and after  
Pb2+ adsorption (II)  
Adsorption kinetic 
The adsorption of Pb (II) on the PAAcsyn and PAAccro 130000 coated particles were taken 
as models to investigate the kinetic of adsorption. Two kinetic models were considered: (1) 
Lagergren or a pseudo-first-order kinetic model and (2) a pseudo second order reaction, and 
proposed as describing in equations (6-1) and (6-2), respectively.  
The Figure 7-5 shows the kinetic results of lead ion adsorption on two kind of PAAc coated 
particles. It was observed that lead uptake on all PAAc particles was a fast process. In first 90 
minutes, 95% of the adsorption has occurred and the equilibrium was achieved in 2 hours. 
This rapid adsorption of Pb (II) metal of all PAAc coated particles indicates that the 







order reaction (equation 6-1 and 6-2). However, the fitting results (insertion of Figure 7-5) 
show that the experimental data fitted well the second pseudo order reaction.  
 
                                                                            








Figure 7-5: Kinetic adsorption results of lead ions on two kinds of PAAc coated particles 
 
7.2.2  Adsorption of Pb (II) on the PAMAM coated particles  
In chapter 5, PAMAM coated particles have been discussed as a good adsorbent for uptake 
of Hg(II). According to HSAB theory, Pb (II) was also classified as soft ion, although this 
property is weaker than Hg (II) (Jeon et al., 2005). Thus the adsorption experiment was 
conducted by using PAMAM-ATP coated particles as example for uptake Hg(II) using the 
polyamine particles. 
Experiments were conducted with Pb (II) concentration 20 (mg/L) in pH range (3.0-7.0). It 
































































(Ayres et al. 1994). The effect of pH to uptake capacity is shown in Figure 7-6. It was found 
that the highest adsorption capacity of Pb2+ occurred at pH 6. However, it was quite low 
about 30 mg/g particles. This can be explained that at highest adsorption point of this pH 
value (about 6.0), the PAMAM-ATP/PAMAM-TDA coated particles had positive charge, 
which was not favorable for attraction of positive charged metal ion (shown in Figure 5-1). 
However the increase of pH was not sufficient for the formation complex 
[Pb(NO3)x(OH)y]2-  and precipitation of Pb(OH)2 occurred in high pH solution. Hence, it 
was concluded that the PAMAM dendrimer coated particles were not suitable for lead 















Figure 7-6: Effect of initial solution pH values on Pb adsorption capacities on 
the PAMAM-ATP coated particles. 
 
7.2.3  Desorption of Pb (II) 
A key factor in affecting process economics was the regeneration of the adsorbent. The 
desorption of the Pb(II) ions from the all loaded PAAc coated particles was performed in a 
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batch experiments. The lead desorption was affected by the extent of hydration of the metal 
ions, polymer microstructure and binding strength (Denizli et al. 2003).  
Three reagents (Disodium EDTA, HCl and HNO3) were used for regeneration of PAAc 
coated particles in this work. They were prepared in different concentration 0.01M, 0.05M 
and 0.1M. The high concentration of these acids was not considered as it would destroy the 
structure of magnetic particles. The desorption results are shown in Table 7-3, the highest 
recovery of all PAAc coated particles is about 85% with using HNO3 0.1M compared to 80% 
using HCl 0.1M. However using disodium-EDTA gave a recovery of PAAc particles were 
much lower than other two reagents. 
Table 7-3:  Pb(II) desorption efficiency for the metal loaded magnetic 
particle with disodium-EDTA and HNO3 
 
Disodium EDTA  HNO3 HCl Magnetic 
partciles  
0.01M 0.05M 0.1M 0.01M 0.05M 0.1M 0.01M 0.05M 0.1M 
PAAccro 130000 
coated  64% 71% 72% 65% 71% 85% 50% 63% 79% 
PAAsyn coated 62% 73% 72% 69% 74% 83% 55% 67% 82% 
 
7.3  Conclusions 
In general, the high uptake capacity and regeneration efficiency of the all PAAc coated 
particles were considered as good adsorbents to apply for removal Pb (II) from wastewater 
treatment.  The adsorption experiments showed that the uptake Pb (II) of all PAAc coated 
particles was strongly affected by pH condition of aqueous solution. In optimal pH, the 
adsorption of lead ion on PAAc coated particles using free radical method (PAAcsyn) was 
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about 258 mg/g particles. Whereas, the uptake Pb(II) of PAAc coated particles (PAAccro) 
using cross-linking method was increased with the increase of PAAc MW coating onto 
particles surface. Their highest capacity was about 271 mg/g of PAAccro 130000. Moreover, 
it was found that the regeneration of these particles was high (about 85%) and their adsorption 
equilibrium occurred in short time in about 2 hours. Therefore, all PAAc coated particles in 












Chapter 8:   Conclusions and Recommendations 
8.1  Conclusions  
The main aim of this project was to present a systematic and comprehensive study on the 
application of surface functionalized nano-sized magnetic particles for separation heavy 
metals from aqueous solution. The study deal with the synthesis of bare particles, pendant 
amine, polyamine dendrimer, polyacrylic acid and polyvilpyrollidone polymer coated 
particles. The characterization for the chemical, physical and magnetic properties of all 
particles were carried out by various analytical methods. Finally, these particles were used for 
adsorption/desorption of mercury, lead and cadmium ion. The work is summarized in 
following paragraphs. 
Chapter 3 and 4 present the synthesis procedure and characterization results, respectively. 
Chemical precipitation method was used to synthesize nano sized magnetic particles and the 
sol-gel anchoring method was used for coating pendant amines on the particle surface. The 
characterization using FITR, TGA, and elemental analysis showed that these preparations 
were successful. Polymeric modification onto particle surface was done by cascade method 
for two kinds of polyamine dendrimer (PAMAM-ATP and PAMAM-TDA) and by free 
radical and cross-linking method for PAAc coated particles. Besides, PVP polymer coated 
particles were also synthesized. The TEM analysis proved that bare and all kinds of coated 
particles were nano-sized (<17 nm). XRD analysis elucidated that the particles had spinel 
structure. The VSM characterization revealed that the polyamine and PAAc coated particles 
possess superparamagnetic property. However polyamine dendrimer and PAAc polymer 
coated particles showed lower value of magnetic field and specific surface area (BET results) 
compared to the bare particles. 
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The adsorption/desorption of Hg(II) on bare and all amine coated particles have been 
discussed in Chapter 5. Results showed that the adsorption capacity of these adsorbents was 
strongly pH dependent. The highest uptake of Hg (II) was 450 mg/g for PAMAM-TDA 
coated particles at an optimal pH 8.0 and this was the iso-electric point. The mechanism of 
adsorption for mercury on all amine coated particles suggested that the chemical adsorption 
was dominating. The adsorption kinetic process was fast and followed a pseudo-second order 
reaction. On the other hand, adsorption of PVP coated particles was physical in nature and it 
was micro-pore controlled. Hence its adsorption capacity was not enhanced compared to bare 
particles. The desorption efficiency of Hg(II) from all amine particles was high. It was about 
85% for pendant amine coated particles using disodium-EDTA at 0.1M and about 90 % for 
polyamine coated particles using disodium-EDTA or HNO3 at 0.1M. The adsorption isotherm 
for bare and PVP coated particles followed Langmuir model, while for all amine coated 
particles it followed Langmuir-Freunlich model. 
Results of cadmium and lead adsorption/desorption on the PAAc coated particles have been 
presented in Chapters 6 and 7, respectively. The maximum adsorption of Pb(II) was about 271 
mg/g for PAAccro 130000 coated particles compared to 102 mg/g for Cd(II) adsorption on 
the same particles. The mechanism of adsorption revealed that for both cadmium and lead 
adsorption   –COOH groups played important role as adsorption site. Besides, high desorption 
efficiency (about 85%) was achieved for both the metals with 0.1M HNO3 as the desorbing 
agent. Both cadmium and lead kinetics followed pseudo-order reaction. Some preliminary 
experiments on adsorption of Pb(II) and Cd(II) on polyamine coated particles showed 
insignificant adsorption capacity and hence the detailed study was not carried out. 
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8.2  Recommendations for Further Work 
The present work on use of surface functionalized nano-magnetic particles for heavy metal 
separation suggests the following directions in future work: 
 Adsorption/desorption on the multi-component systems where selectivity and sequential 
adsorption/desorption behavior will be studied.  
 Study on repeated adsorption and desorption experiments with the same functionalized 
particles. This is for economic purpose and for prevention of generating of secondary 
waste. 
 As the size of particles decides the surface area and affects to the adsorption capacity of 
magnetic particles any future work should focus in controlling the growth of particles. It is 
desirable to get monodispersed particles if not at least a narrow size range should be 
targeted.  
 Present study was conducted in batch lab-scale batch operation. It is suggested to develop 
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